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Referat:
Die vorliegende Arbeit befasst sich mit der Untersuchung von weitbandlücki-
gen Halbleitern mittels Raman-Spektroskopie. Diese wurde vorwiegend unter
Verwendung von Licht einer Wellenlänge von 325 nm im ultravioletten Spek-
tralbereich angeregt. Damit konnten zum einen aufgrund eines erhöhten
Streuquerschnittes Messungen zur Probencharakterisierung durchgeführt
werden, die mit Anregung im sichtbaren Spektralbereich nicht möglich
gewesen wären. Zum anderen wurden bei dieser Anregungswellenlänge
auftretende Resonanzeﬀekte untersucht. Dabei werden zwei verschiedene
Materialsysteme behandelt: zum einen Kristalle mit Wurtzitstruktur und
zum anderen binäre und ternäre Sesquioxide mit Metallionen der III. Haupt-
gruppe.
An den Kristallen mit Wurtzitstruktur wurde die Streuung des Anregungs-
lichts mit Energie oberhalb der Bandlücke an longitudinal-optischen (LO)
Phononen untersucht. Die Streuung an einzelnen LO-Phononen wird unter
diesen Anregungsbedingungen von einem Prozess dominiert, der eine elast-
ische Streuung beinhaltet, durch die die Impulserhaltung verletzt wird. Es
wurde ein Modell aufgestellt, dass zwischen einer elastischen Streuung an
der Oberﬂäche und an Punktdefekten unterscheidet, und mit Hilfe von Ex-
perimenten veriﬁziert. Weiterhin wurde der Einﬂuss von Ladungsträgern auf
die Energie der LO-Phononen untersucht und es wird eine Anwendung dieser
Erkenntnisse zur Charakterisierung der Oberﬂäche von Zinkoxid vorgestellt.
An den binären Oxiden des Galliums und Indiums wurden die Energien
der Phononenmoden ermittelt und die resonante Verstärkung bei der ver-
wendeten Anregungswellenlänge untersucht. Für das Galliumoxid wurde
dabei insbesondere die Anisotropie des Materials berücksichtigt. Für das
Indiumoxid wird dargestellt, dass durch die resonante Anregung alle Phon-
onenmoden beobachtet werden können, was insbesondere auch die Bestim-
mung der Phononenmoden von Dünnschichtproben ermöglicht. Weiterhin
waren Mischkristalle des Galliumoxids Untersuchungsgegenstand, in denen
das Gallium teilweise durch Indium oder Aluminium ersetzt wurde. Die
Phononenenergien wurden in Abhängigkeit der Zusammensetzung ermittelt
und der Einﬂuss von strukturellen Eigenschaften darauf sowie das Auftreten
von Phasenübergängen untersucht.
* S. . . . Seitenzahl, Lit. . . . Literaturverweise, Abb. . . . Abbildungen, Tab. . . . Tabellen
Funded by the European Union and the Free State of Saxony.
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Introduction
The Raman eﬀect in crystals denotes the inelastic scattering of light by optical phonon modes.
It was theoretically predicted already in 1923 by Smekal [1] and experimentally observed for
the ﬁrst time in 1928 by Raman and Krishnan [2]. However, it found its routinely application
for material characterization not before the realization of the laser in 1960, which combines the
high intensity and narrow spectral bandwidth required for spectroscopic investigations of the
Raman scattered light. Since then, Raman scattering spectroscopy of crystals has been mainly
used to investigate structural properties due to the close relation between the properties of the
lattice and its vibrations. It is applied for example for the investigation of strain [3], defects [4],
composition [4,5] and phase transitions [6,7]. Because of the coupling between plasmons and polar
phonons, also information on free charge carriers in the sample are found in Raman spectra [8].
Experimentally, the application of Raman spectroscopy for the investigation of solid state
samples often suﬀers from the generally very small scattering cross sections. This problem is
particularly present if the sample is a thin ﬁlm or any other low dimensional structure, for which
in addition the scattering volume is reduced. By choosing the photon energy of the exciting
light such that it matches an electronic transition of the sample material, the scattering cross
section can be largely increased due to a resonant enhancement of the Raman eﬀect. Besides
the increased scattering cross section, making otherwise hardly possible measurements feasible,
also information on the energetic position of the electronic transitions can be obtained by an
investigation of the scattering cross section in dependence on the excitation energy [9]. However,
for certain materials like e.g. GaP [10] and the wurtzite-structured semiconductors discussed
here, phonons with large wave vectors can be involved under resonant conditions. This aﬀects
the spectral position and line shape of the observed Raman lines, which must be considered for
the proper interpretation of the resulting spectra.
The present thesis is structured into two parts. The ﬁrst part focuses on the investigation
of semiconductors with wurtzite structure. These materials are widely applied in optoelectron-
ics, particularly most semiconductor lasers and light emitting diodes in the ultraviolet, blue
and green spectral range are based on GaN and its alloys. Also ZnO can be used for a wide
range of applications, for example for visible-blind photodetectors [11] or transparent conduct-
ing electronics [12]. Further, nano- and microstructures of these materials exhibit properties
interesting for optoelectronic applications [13]. In a preceding work at Universität Leipzig [4],
the Raman spectrum of ZnO was extensively studied using an excitation below the bandgap.
For the investigation of low dimensional structures, in many situations the use of an excitation
above the bandgap is desired to increase the spatial resolution. As mentioned above, for many
semiconductors with wurtzite structure this excitation results in scattering by large wave vector
longitudinal optical (LO) phonons, which are subject of the investigations presented here.
Typically a series of lines resulting from multiple inelastic scattering by LO phonons is observed
in various wurtzite-structured semiconductors excited above the bandgap [14–17]. While the
processes involving multiple phonons are well understood by means of a cascade model [18], the
similar process involving the scattering by only a single LO phonon (1LO) has not yet been
conclusively explained without contradictions to experimental results. It appears widely agreed
upon the necessity of the involvement of a process breaking the momentum conservation, which
results in a spectral position of the 1LO Raman line energetically below that of the respective Γ-
point phonon. However, the commonly assumed scattering by impurities can neither explain the
observation of the 1LO line in high-quality crystals nor its dependence on the crystallographic
orientation of the surface on which the excitation is carried out on [19–22]. Here, a model
for this process is developed which is in agreement with all experimental ﬁndings. To verify
its validity, further predictions on its impact on experimental results are made and tested in
appropriate experiments. These investigations were primarily performed for the wide-bandgap
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semiconductor ZnO, but the applicability of this model to other materials with wurtzite structure
is demonstrated by experiments on and discussion of results in the literature for GaN and InN.
The LO phonons with large wave vectors are inﬂuenced diﬀerently by free charge carriers in the
scattering volume than the respective Γ-point phonons are [8,23,24]. For excitation of wurtzite-
structured semiconductors below the bandgap, for which typically only Γ-point phonons are
involved, the utilization of the coupling to the charge carriers is established for the investigation
of charge carrier concentrations [25–27]. Oppositely, the impact on large wave vector LO phonons,
which are mainly involved for wurtzite-structured semiconductors excited above the bandgap, has
been studied only for GaAs so far. Here, the inﬂuence of a deﬁned charge carrier concentration in
ZnO, introduced by doping, on the LO energy is studied. The theoretical description developed
for GaAs is applied to these experimental results to verify its validity also for ZnO and potentially
other materials with wurtzite structure. Further, the inﬂuence of the excitation power density
on the LO energy is discussed in the light of these results.
A high sensitivity of the ZnO surface to ambient conditions is well-known, particularly the
formation of electron accumulation layers at the polar surfaces [28–30]. Also in the Raman
spectra excited above the bandgap, an impact of the ambiance is observed, which has not yet
been reported in the literature. This is explained here based on the priorly elaborated principles.
Thereby, the applicability of Raman scattering excited above the bandgap as contactless method
for the investigation of the ZnO surface properties is studied.
In the second part, the semiconductors of the (Ga,In,Al)2O3 system are investigated by Ra-
man spectroscopy. These materials are promising for various technological applications, e.g. as
active materials in solar-blind photodetectors [31,32] and in high-power [33] and/or transparent
electronics [34]. Raman scattering investigations appear particularly interesting for the charac-
terization of the ternary alloys, promising information about the composition, crystal symmetry
and phase separations. However, from Raman measurements of the technologically relevant thin
ﬁlms of these materials, typically only a fraction of the Raman active phonon modes is found
at the best [35, 36] due to weak Raman intensities. Here, an excitation in the ultraviolet (UV)
spectral range is chosen, largely increasing the scattering cross section and thereby the feasibility
of these measurements. With that, the dependence of the phonon mode energies on the compos-
ition and their correlation to structural properties of these alloys are investigated. Further, the
applicability of Raman spectroscopy for the determination of the thin ﬁlm composition and for
the detection of additional phases is examined. Therefore, thin ﬁlms prepared with a continuous
composition spread (CCS) [37] were characterized. The intentionally inhomogeneous composi-
tion of these ﬁlms allows to select the desired composition for the investigation by changing the
lateral position of the excitation spot.
The understanding of the binary materials of this material system is obviously essential for
the interpretation of the experiments carried out on the ternary alloys based on them. While
the phonon mode properties of Al2O3 have been studied extensively already, this is less the case
for Ga2O3 and particularly not for In2O3. The energies of the Raman-active phonon modes of
β-Ga2O3 were already obtained [38, 39], also in dependence on temperature and pressure, but
the Raman tensor elements have not yet been determined. These describe the dependencies
of the Raman mode intensities on the applied scattering geometry and are tightly connected
to the symmetry of the respective vibrational modes. Here, the Raman tensor elements are
determined for two orientations of β-Ga2O3. Further, the variation of these tensor elements
with the excitation energy is studied, which may also give insight to electronic properties of the
material.
For bcc-In2O3, not all phonon modes have been reported before, the energies of the others
are only known roughly from theoretical calculations [6]. This is particularly problematic to
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tell additional features in the Raman spectrum and not yet observed phonon modes apart.
Particularly, in most publication, only a few of the 22 Raman-active modes are observed [35,
36, 40–44]. Garcia-Domene et al. [6] theoretically predicted the energies and symmetries of
all 22 Raman-active phonon modes of In2O3 and experimentally observed 16 peaks in their
spectra of bulk-like powder samples, which they assigned to 17 phonon modes based on the
calculated values. However, these polycrystalline samples did neither allow the veriﬁcation of
the predicted phonon symmetries nor the distinction between ﬁrst-order Raman modes and
additional or second-order modes. In the present work, the Raman spectra of bcc-In2O3 are
excited near-resonantly, thereby allowing also the investigation of epitaxially grown thin ﬁlms.
Based on their well-deﬁned orientation and the respective Raman selection rules, the phonon
mode symmetries are assigned and the spectra are examined for not yet observed phonon modes.
All experiments presented in this thesis were carried out at and by members of Universität
Leipzig. The investigated thin ﬁlms were prepared by Holger Hochmuth and Florian Schmidt,
the targets for the thin ﬁlm deposition and the ceramic samples were prepared by Gabriele
Ramm. Measurements for the structural characterization using X-ray diﬀraction were carried
out by Michael Lorenz, Marcus Jenderka and Stefan Müller, Marcus Jenderka also analyzed the
diﬀraction patterns of the ceramic samples by means of Rietveld reﬁnement. The peak positions
in the X-ray diﬀraction patterns of the CCS ﬁlms on MgO were determined by Daniel Splith
using a ﬁtting software written by him, which was also applied for the determination of the
Raman tensor elements of β-Ga2O3. The charge carrier concentrations of ZnO thin ﬁlms were
determined by Kerstin Brachwitz by means of Hall measurements. Jörg Lenzner obtained the
composition of the thin ﬁlms by energy-dispersive X-ray spectroscopy. The phase shift of the
used waveplates was determined by means of spectroscopic ellipsometry by Chris Sturm and
Lennart Fricke. Further, experimental results obtained by Christian Dähne in the framework of
his bachelor thesis [45] are discussed here.
In this work, references to own and contributed publications are labelled with an additional
dagger symbol in the form [X]† with the reference number X.
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1. Physical Basics
1.1. Phonons
Phonons are the elementary vibrational excitations of the crystal lattice, which propagate as
waves through the crystal. Depending on the direction of propagation relative to the direction
of atomic displacement of the phonon, the modes are divided in transversal and longitudinal
phonons. In crystals with diatomic (or polyatomic) base, the phonons are distinguished further:
acoustical phonons, for which the sublattices oscillate as a single chain, and optical phonons, for
which the sublattices oscillate against each other. Near the Γ-point, i.e. for long wavelengths and
thus small wave vectors q ≈ 0, the energy of the acoustical phonons vanishes, while the optical
phonons exhibit a ﬁnite energy. Therefore, optical phonons can be probed optically despite the
relatively small wave vector of the photons compared to the reciprocal lattice vectors. In the
vicinity of the Γ-point, the dispersion of the acoustical phonons is essentially linear, while the
optical phonon modes typically exhibit a ﬂat and non-linear dispersion there. This is depicted
for the simple case of a one-dimensional crystal in Fig. 1.1.
Optical modes, for which sublattices carrying diﬀerent charges oscillate against each other,
are polar modes. These modes create an oscillating electrical ﬁeld in the direction of the atomic
displacement. It acts as an additional restoring force in this direction, thus only aﬀecting lon-
gitudinal optical (LO) modes. Consequently, the energy of the LO phonon mode is increased
relatively to the respective transversal optical (TO) mode, lifting their degeneracy in the vicinity
of the Γ-point.
In anisotropic crystals, for phonons not propagating parallel to one of the principle crystal axes
the strict distinction between LO and TO modes cannot hold. Such phonons exhibit a quasi mode
behaviour, i.e. a dependence of the phonon energy on the direction of phonon propagation. For
uniaxial crystals with the crystal axis c, the frequency ω of the quasi modes generally fulﬁlls
Fresnel’s equation [46,47]
ω⊥LO
2 − ω2
ω⊥TO
2 − ω2
⊥∞ sin2 θ +
ω
‖
LO
2 − ω2
ω
‖
TO
2 − ω2
‖∞ cos2 θ = 0 (1.1)
where ∞ is the high frequency dielectric constant, θ is the angle between the wave vector q
of the phonon and the c-axis and ‖ and ⊥ denote the values parallel and perpendicular to the
c-axis, respectively. If the energy splitting between LO and TO modes is large compared to the
splitting between modes propagating parallel and perpendicular to the crystal axis, the quasi
modes can be distinguished to be mainly of transversal (quasiTO) and longitudinal (quasiLO)
nature. Equation 1.1 can then be approximated by the expressions [46,47]
ω2qTO = ω⊥TO
2 cos2 θ + ω‖TO
2
sin2 θ and (1.2a)
ω2qLO = ω⊥LO
2 sin2 θ + ω‖LO
2
cos2 θ . (1.2b)
The dependence of the quasi mode energy on the angle θ is depicted in Fig. 1.2 for the example
of ZnO. This comparison between both models veriﬁes the validity of the approximation in
Eq. (1.2).
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Figure 1.1.: Phonon dispersion of the acoustical (black line) and optical (grey line) phonon mode
of a linear crystal with diatomic base and unit cell length of a.
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Figure 1.2.: Quasi TO (lower part) and LO (upper part) modes in ZnO, calculated according to
the exact (Eq. (1.1), black line) and approximated solution (Eq. (1.2) grey line).
1.2. Raman scattering
1.2.1. Raman eﬀect
The Raman eﬀect can be explained in a macroscopic (mainly classical) and a microscopic
(quantum-mechanical) picture. In the following, the macroscopic picture is brieﬂy summar-
ized based on the elaborations of Hayes and Loudon [47]. In the macroscopic picture, the electric
ﬁeld of the incident light Ei induces a polarization P in the illuminated medium
P = 0χEi (1.3)
where 0 is the vacuum permittivity and χ is the linear susceptibility of the medium, in general
a tensor of rank 2. The presence of excitations X, such as phonons, of the medium causes a
10
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modulation of the wavefunctions of the medium and, in the ﬁrst-order of perturbation theory,
expands Eq. (1.3) to
P = 0 (χEi + χ′XEi) (1.4)
with the second-order susceptibility χ′, in general also a tensor of rank 2. Because χ and χ′ are
not time-dependent, the ﬁrst term results in a polarization oscillating with the same frequency as
the incident ﬁeld. Thus, it only contributes to elastic scattering. The excitations X are waves in
the crystal and consequently the second term causes an oscillation of the polarization at diﬀerent
frequencies than the incident ﬁeld leading to inelastic scattering. These scattering frequencies
are
ωs = ωi ± ωX (1.5)
with the frequency of the incident ﬁeld ωi and the frequency of the excitation ωX. The case ’−’
corresponds to the excitation of the medium and is called Stokes component while ’+’ corresponds
to the absorption of an excitation quantum and is called anti-Stokes component. The energy
ωX is the energy transferred from the incident to the scattered light beam or vice versa. Thus,
Eq. (1.5) also represents the energy conservation in the scattering process. Likewise, if the
medium is a defect-free crystal, i.e. it exhibits a perfect translational symmetry, quasi-momentum
must also be conserved:
ks = ki ± kX (1.6a)
kX = ± (ki − ks) (1.6b)
with the wave vectors k and the indices used as above.
In typical Raman experiments, light in the near infrared (IR), visible or UV region of the
spectrum is used for excitation, for which in most cases the relation
ωi  ωX (1.7)
holds. Thus, it follows that ωs ≈ ωi and, due to the linear dispersion of light, |ks| ≈ |ki|.
Applying this to Eq. (1.6b) yields
0  kX  2ki (1.8)
for the absolute value of the excitation’s wave vector. Because the wavelength of the exciting light
is much larger than typical lattice constants of crystals, in most cases kX can be approximated
to be 0. This means that only excitations from the center of the Brillouin zone participate in
this scattering process.
A further consequence of the large diﬀerence between the frequencies of the exciting light and
the material’s excitations is that for the expression of the second-order susceptibility, the wave
function of the excitation can be approximated to be static. Thus, the second-order susceptibility
can be approximated by the derivative of the ﬁrst order susceptibility
χ′ ≈ ∂χ
∂X∗k
(1.9)
where Xk is the Fourier component of the amplitude of the excitation for the wave vector k.
In general, X can be any kind of excitation of the crystal such as lattice, electronic or magnetic
excitations. For lattice excitations, i.e. especially for optical phonons, the amplitude of the
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excitation X becomes the displacement of the atoms from their center position Q and Eq. (1.9)
can be written as [48]:
χ′ ≈
(
∂χ
∂Q
)
q=0
Qˆ (1.10)
where Qˆ denotes the normalized displacement.
In the microscopic picture, the fact that exciting light interacts strongest with the electronic
system is taken into account. As a result, intermediate electronic states, which may also be
virtual, are involved in the scattering process between photons and phonons. This can be best
described by means of a Feynman diagram as depicted for the typically dominant process in
Fig. 1.3. Here, the incident photon with frequency ωi excites the electronic system creating an
electron-hole pair (or exciton) n. This interacts with the lattice creating a phonon with frequency
ωp by reducing the energy of the electron-hole pair. Its recombination results in the emission of
the scattered photon with the frequency ωs = ωi − ωp.
ω
i
ω
s
ω
p
n n‘
Figure 1.3.: Feynman diagram of one possible scattering process. Photons are indicated by
dashed lines, phonons by wavy lines, electron-hole excitations by double lines, points
of electron-photon interaction by circles and points of electron-phonon interaction
by squares. Adopted from [48].
The interaction of the electromagnetic ﬁeld of the light with the electronic system of the scat-
tering medium is described by the electron-photon interaction Hamiltonian HeR (R for radiation).
The full Hamiltonian of the electronic system is thus
Hˆ = Hˆ0 + HˆeR (1.11)
where Hˆ0 is the Hamiltonian of the unperturbed system. With the vector potential Aˆ of the
optical irradiation, the electron-photon interaction Hamiltonian can be written as [48]:
HˆeR = e
m
Aˆ · pˆ + e
2
2mAˆ · Aˆ︸ ︷︷ ︸
≈0
. (1.12)
The second term is quadratic in the vector potential and therefore small for low excitation power
densities as applied in this thesis. Thus, it can be neglected ere.
For the interaction between optical phonons and the electronic system, two mechanisms are
relevant: the deformation-potential interaction and the Fröhlich interaction [48]. All kinds of
optical phonons, i.e. polar TO and LO as well as nonpolar phonons, cause a local distortion of the
lattice, which changes the energies of the electronic states allowing for the deformation-potential
interaction. The Fröhlich interaction describes the interaction of the macroscopic electric ﬁeld
of LO phonons with the electrons and holes in the crystal. Thus, Fröhlich interaction is only
relevant for LO phonons. Its strength depends on the macroscopic electric ﬁeld caused by an
LO phonon. Therefore, this mechanism is particular important for highly polar crystals with a
large TO-LO-splitting.
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1.2.2. Scattering cross section, Raman tensor and selection rules
Based on the macroscopic picture, the spectral diﬀerential cross section σ per solid angle element
dΩ and spectral width dω for the Raman scattering for the Stokes process can be calculated to
be [47]:
d2σ
dΩdωs
= V
N
V
ωiω
3
s
ωp
1
2c4 (4π0)2
n(ωs)
n(ωi)
[N (ωp, T ) + 1] 0 |esχ′ei|2 gp (ω) (1.13)
where V/N is the volume per atom of the medium, V is the volume of the sample contributing to
the detected scattered light, n is the refractive index of the medium, ei and es are the polarization
vectors of the incident and scattered light, respectively, gp (ω) is a normalized line shape function
for the energetic distribution of the phonon mode and N (ωp, T ) is the Bose-Einstein function
for thermal state occupation
N (ωp, T ) =
(
exp
(
ωp
kBT
)
− 1
)−1
. (1.14)
Here, kB is the Boltzmann constant and T is the temperature of the crystal lattice. The intensity
of the scattered light is related to the cross section by [47]
d2Is
dΩdωs
= Ii
ωs
ωi
L
V
d2σ
dΩdωs
. (1.15)
The spectral diﬀerential cross section for the anti-Stokes component can be expressed similarly
by Eq. (1.13) by replacing the thermal factor N (ωp, T ) + 1 by N (ωp, T ). In the oﬀ-resonance
case, i.e. if the refractive index and the second-order susceptibility can be assumed to be identical
for the Stokes and anti-Stokes radiation and if the small diﬀerence in ωs between the two cases
is neglected, the ratio between anti-Stokes IAS and Stokes intensity IS can be written as
IAS
IS
= N (ωp, T ) + 1
N (ωp, T )
= exp
(
− ωp
kBT
)
, (1.16)
thus being a measure of the lattice temperature T .
In the quantum mechanical description of the microscopic picture, the interactions between
the participating components (photonic radiation “R”, electronic system “e” and lattice “L”)
depicted in Fig. 1.3 are described by means of transitions between quantum mechanical states,
e.g. the excitation of the electronic system from the initial state “i” to an excited intermediate
state “n” is described as [48]
∑
n
〈
n|HˆeR(ωi)|i
〉
ωi − (En − Ei) (1.17)
The scattering probability P for scattering by a phonon with a frequency of ωp for the entire
process of Fig. 1.3 then results to [48]
P (ωs) =
(
2π

) ∣∣∣∣∣∣
∑
n,n′
〈
i|HˆeR(ωs)|n′
〉〈
n′|HˆeL|n
〉〈
n|HˆeR(ωi)|i
〉
[ωi − (En − Ei)][ωi − ωp − (En′ − Ei)]
∣∣∣∣∣∣
2
× δ(ωi − ωp − ωs). (1.18)
Here, n′ is the intermediate excited state of the electronic system after interaction with the
lattice. Due to energy conservation, ωs = ωi − ωP pertains.
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Raman tensor
The only term of Eq. (1.13) depending on the scattering geometry is the term |esχ′ei|2. Thus,
it is convenient to introduce
R = χ′ Eq. (1.10)=
(
∂χ
∂Q
)
q=0
Qˆ (1.19)
as the Raman tensor. In general, it is a tensor of 3rd order. With this deﬁnition of the Raman
tensor, the scattering intensity is proportional to
I ∝ |esRei|2. (1.20)
Thus, it is convenient to give the scattering geometry in the form of the Porto notation ks(esei)ki,
which includes all geometric information aﬀecting the scattering intensity. The special cases
where es‖ei and es ⊥ ei are denoted as parallel polarized and cross polarized conﬁguration.
The symmetry properties of the Raman tensor are tightly connected to the symmetry of the
sample. The forms of the Raman tensors for the materials investigated in this work are given in
chapter 3, a complete listing for all crystal symmetries can be found e.g. in [47]. If a sample is
not aligned in a way that the principal crystal axes are parallel to the coordinate system of the
laboratory system, it is convenient to transform the Raman tensor to the laboratory coordinate
system using an appropriate transformation matrix T :
R′ = TRT−1 (1.21)
1.3. Resonance Raman scattering
1.3.1. Resonant enhancement
In the case that the energy of the exciting photons matches the energy of an electronic transition
of the sample material, the scattering probability in Eq. (1.18) diverges. Thus, a strong increase
of the scattering cross section is observed for excitation energies in the vicinity of electronic
transitions. In order to regard the unphysical nature of an inﬁnite scattering probability, the
factors in the denominator in Eq. (1.18) need to be extended by damping terms iΓn and iΓn′
taking into account the ﬁnite life time of the intermediate state. Two resonance conditions result
from Eq. (1.18): Either the energy of the incident light (named incoming resonance) or that of
the scattered light (named outgoing resonance) matches that of an electronic transition.
In particular, a strong resonance is observed for intermediate discrete exciton states [47]. The
calculations conducted and discussed in the present work are based on the theoretical description
of Trallero-Giner et al. [49] for scattering of LO phonons with excitons as intermediate states.
Particularly, the Fröhlich term aF presented there was applied, because it is the dominant con-
tribution for the cascade process (cf. section 1.3.2 below). A short representation of this term,
to which the scattering cross section is proportional, can be written as [49]
aF = C
(∑
n,m
an,m +
∑
n
∫ ∞
0
dk an,k +
∫ ∞
0
∫ ∞
0
dk dk′ ak,k′
)
(1.22)
where C is a constant, an,m describes the scattering probability involving the two discrete ex-
citonic states with principal quantum numbers n and m, an,k is the scattering probability in-
volving a discrete state n and a continuum state with wave vector k and ak,k′ is the scattering
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probability involving two continuum states. The full expressions of these terms are not repeated
here and can be found in the referenced literature. It was shown that the contribution involving
only continuum states is negligibly small compared to the others [49].
1.3.2. Cascade model
Some polar semiconductors, particularly such with the wurtzite crystal structure, exhibit a series
of overtones of the LO phonons (nLO) up to very high orders when excited above the band gap.
For example, for ZnO harmonics up to the 8LO line were observed [17]. This phenomenon is
described by the cascade model [18, 48, 50], which is schematically illustrated in Fig. 1.4. The
strong resonant enhancement of these overtones results from the involvement of discrete exciton
states and particularly for n ≥ 3 from scattering between such discrete states.
K
E
1LO
2LO
3LO
4LO
5LO
0
Figure 1.4.: Schematic illustration of the cascade model. The solid black parabola depicts the
dispersion of the discrete exciton ground state. The black arrow represents the excit-
ation into a continuum state, blue arrows represent inelastic scattering by phonons
and red arrows elastic scattering processes between states.
For n ≥ 2, the scattering mechanism according to the cascade model can be described as
depicted on the right side of Fig. 1.4: The incident light creates a correlated electron hole pair,
i.e. a continuum exciton state is excited. This is scattered by an LO phonon into a discrete
exciton state. From this state, several further inelastic scattering steps by LO phonons into
lower energy discrete states may occur. In the last step, a ﬁnal LO phonon is created, scattering
the exciton into a continuum state near the Brillouin zone centre from where it recombines
emitting the scattered photon1. In this form, this model is not valid for the 1LO scattering
because the participation of at least two phonons is required — one for scattering into a discrete
1In the quantum mechanical picture, this chronological description of the scattering process is, strictly spoken,
incorrect. In general, the individual transitions may occur in any order.
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state and one for scattering back into a continuum state. However, if wave vector conservation
is broken for any reason, 1LO scattering may also occur involving discrete excitonic states. This
is depicted on the left side of Fig. 1.4 and further detailed in the following section.
1.3.3. Breakdown of momentum conservation
The possibility of a 1LO process analogue to the cascade process described in section 1.3.2
above was discussed by Martin [50], who identiﬁed the relaxation of momentum conservation as
most relevant cause for the enhancement of the 1LO line. The possible origins for that are the
broadening of the photon wave vector in the medium due to absorption and a breakdown of the
momentum conservation due to elastic scattering by inhomogeneities in the crystal such as local
ﬁelds or impurities. The ﬁrst mechanism always needs to be considered for excitation above the
band gap because of absorption of the exciting light. The respective diﬀerential scattering cross
section can be written as [50]
dσ
dω = σ0
ωs
ωi
∫
dqzf(qz) × |R(q, 0, ωi, ωs)|2 × δ(ωi − ωs − ωp(q)) (1.23)
where R is the relevant Raman tensor element and f(qz) is a normalized form factor. For the
calculations conducted here, the expression in Eq. (1.22) is used as Raman tensor element. For
light absorptions, the form factor f is a Lorentzian function:
f(qz) =
1
π
2α
(2k0 − qz)2 + (2α)2 . (1.24)
Here, k0 is the real part of the light wave vector in the medium and α is the absorption coeﬃ-
cient. The z direction is parallel to the light propagation direction within the excited medium.
This means that the light wave vector conservation is relaxed only in the direction of light
propagation and consequently the other two components of the phonon wave vector q remain
zero. Equation 1.23 can be extended to any arbitrary momentum breaking mechanism by re-
placing f(qz) with an appropriate form factor f(q) and integration over all three dimensions of
q. It is important to note that the wave vector q of the phonons participating in the scattering
process is exclusively determined by the product of the form factor and the resonance conditions
f(q) × |R(q, 0, ωi, ωs)|2.
1.4. Phonon-plasmon interaction
1.4.1. Phonon-plasmon coupled modes
In the presence of free charge carriers, IR active polar phonons couple to the plasmon excitations.
Thereby, two branches of longitudinal phonon plasmon (LPP) modes develop. Their frequency
ωLPP at the Γ-point can be written as [51]
ωLPP± =
√
1
2
(
ω2LO + ω2plasma ±
√
(ω2LO + ω2plasmon)2 − 4ω2TOω2plasma
)
(1.25)
where ωLO and ωTO are the frequencies of the LO and TO phonon, respectively. The plasma
frequency ωplasma is proportional to the square root of the charge carrier concentration N [51]:
ωplasma =
√
Ne2
r0m∗
(1.26)
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Figure 1.5.: Dependence on the charge carrier concentration of the LPP+ (black solid line) and
LPP− (grey solid line) mode for the A1 mode of ZnO, calculated from Eq. (1.25).
The dotted line depicts the plasma frequency according to Eq. (1.26) and the dashed
lines depict the energies of the uncoupled phonon modes.
with the elemental charge e, the relative permittivity r, the vacuum permittivity 0 and the
reduced mass m∗.
As exemplarily shown in Fig. 1.5, the LO phonon mode exhibits a blueshift with increasing
charge carrier concentration according to the upper branch LPP+, approximating the plasma
frequency in the limit of large N . For vanishing charge carrier concentration the frequency of
this branch approaches that of the LO phonon. The LPP− branch is plasmon-like for low charge
carrier concentrations and approximates the TO energy in the limit N → ∞. Opposite to the
LO phonon, the TO phonon frequency itself does not shift, i.e. in general, the LPP+, LPP− and
TO modes are observed simultaneously.
1.4.2. Screening of LO phonons
As mentioned, the deliberations in section 1.4.1 above are only valid at the Γ-point. Particularly,
for values of the phonon wave vector above the critical wave vector
qcrit 
ωplasma
vF
(1.27)
with the Fermi velocity vF =
√
2EF
m∗ , Landau damping is observed [8, 23, 24]. Here, EF denotes
the Fermi energy. In this regime, the LPP+ branch is overdamped and the macroscopic electric
ﬁeld of the LO phonons is screened by the present charge carriers. This lowers the energy of the
LO mode towards the energy of the TO mode. Thus, in this regime of wave vectors, a redshift of
the LO mode with increasing charge carrier concentration is observed opposite to the behaviour
of the LPP+ branch at the Γ-point. The observed LO energy there is actually the LPP− branch
of q > qcrit (for details see [8]).
For the theoretical description of this Landau damping behaviour, the approach of Abstreiter
et al. [8] was adopted. As discussed above in section 1.3.1, only the Fröhlich mechanism was
considered. The respective line shape function reads
LF(q, ω) =
q2
1 − exp
(
− ωkBT
)Im{ −1
(qω)
}
. (1.28)
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With the assumption that the damping of the optical phonons is small compared to the damping
of the plasmons, the longitudinal response function can be written as [8]
Im
{ −1
(qω)
}
=
(
ω2TO − ω2
)
Im{χ(q, ω)}
2∞(ω2LO − ω2) + ∞ (ω2TO − ω2)Re{χ(q, ω)} + (ω2TO − ω2)2 (Im{χ(q, ω)})
(1.29)
with the high-frequency dielectric constant ∞. For the susceptibility χ, the Lindhard-Mermin
expression [8]
χ(q, ω) = e
2
2π3q20
∫
d3k f(k, T ) (
2q2/m∗)2
(2q2/m∗)2 − (22q · k/m∗)2 − (2ω)2 − 4(2q · k/m∗)(ω)
(1.30)
with the Fermi distribution f(k, T ) is used.
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2.1. Raman spectroscopy
2.1.1. Setup
The Raman setup used in this work consists of a custom-built beam path and a Jobin Yvon U1000
Raman double spectrometer [52]†. It allows the use of two diﬀerent laser sources: a diode-pumped
solid-state (DPSS) laser emitting at λexc = 532 nm and a helium-cadmium (HeCd) laser emitting
at λexc = 325 nm. Only the optical elements limited to the spectral range of a particular laser
are exchanged for the use of the diﬀerent sources.
The beam path is schematically shown in Fig. 2.1. It consists of four optical rails labelled as
src, spl, ana and spec. The source rail src is used to expand the laser beam to increase the spatial
resolution on the sample. A band-pass ﬁlter is applied in order to eliminate plasma lines of the
laser.
spectrometer
sample
laser
src
spl
ana
spec
Figure 2.1.: Schematic picture of the Raman setup. The four optical rails (dashed rectangles)
are the source rail (src), the sample rail (spl), the analysis rail (ana) and the spec-
trometer rail (spec). The beam splitter is illustrated as dashed line.
On the sample rail spl, the light passes a non-polarizing, achromatic beam splitter. It is
focused by means of either a microscope objective or a single planconvex lens onto the sample.
All measurements are carried out in backscattering geometry, thus the scattered light is collected
confocally by the same optics that is used for excitation. The microscope objectives have the
same magniﬁcation of 50× for both excitation wavelengths, but slightly diﬀerent apertures of
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NA = 0.42 for λexc = 532 nm and NA = 0.40 for λexc = 325 nm. The spot size for these
objectives is approximately Δd = 1μm. The single focusing lens has a focal length of f = 20mm
and a diameter of 11mm.
The optical elements on the analysis rail ana are used to manipulate the beam of scattered
light before analysis. A combination of two lenses of the same focal length and a pinhole in
the middle between them enhances the depth resolution of the setup to approximately 5 μm
determined experimentally. Additionally, a rejection of unintended light scattering, e.g. by the
optical elements, is achieved. In the usual case of normal light incidence on the sample, an edge
ﬁlter is applied to block the reﬂected laser light and thus to reduce stray light in the spectrometer.
On the downside, it limits measurements to the Stokes component of the spectrum and gives a
lower limit for the measurable Raman shift. This can be traded oﬀ against decreased laser line
blocking by tilting the edge ﬁlter. The light is analyzed for its linear polarization by means of a
Glan-Thompson prism and λ/2 waveplate. Details on the polarization analysis are given in the
following section.
The sample is mounted on two perpendicularly aligned linear stages allowing to position it
relative to the excitation spot with an accuracy of around 1 μm. These stages can be equipped
with a Janis ST-500 continuous Helium ﬂow cryostat for measurements in the temperature range
from 10K to 300K. If not stated otherwise, measurements were carried out at room temperature.
The sample can further be mounted in a custom-build gas cell, which can be purged with the
desired gas.
2.1.2. Polarization analysis
The gratings in the spectrometer exhibit a polarization dependent reﬂectivity and thus act as an
additional linear analyzer in the setup. As discussed previously [52]†, this impedes a quantitative
investigation of polarization dependent scattering intensities. Therefore, it is feasible to use a
ﬁxed analyzer set parallel to the direction of maximum reﬂectivity of the gratings. In order to
change the polarization geometry without turning the analyzer, a λ/2 waveplate placed on the
analysis rail is used to rotate the polarization of the scattered beam. Further, the polarization
direction relative to the orientation of the sample is selected by putting the λ/2 waveplate on the
sample rail between the beam splitter and the focusing optics.
In order take the spectral dependence of the phase shift of the applied waveplates into account,
their actual phase shift was investigated. For the spectral region around λexc = 325 nm, a
chromatic zero-order quartz waveplate was used. The spectral dependence of its phase shift
was determined by Lennart Fricke by means of spectroscopic transmission ellipsometry and is
depicted in Fig. 2.2a. As expected, the actual line shape is close to an ideal, i.e. dispersionless
zero-order waveplate and the deviation of the phase shift from 180◦ at the design wavelength of
λ = 325 nm is negligible. For the Raman spectra discussed here, the dependence on the Raman
shift relative to the excitation wavelength λexc = 325 nm as shown in Fig. 2.2b is relevant. The
phase shift χ can be approximated by the linear function
χ(ν¯) = (180 − 0.0072ν¯/cm−1)◦ (2.1)
with the Raman shift ν¯ 1
For the spectral region around λexc = 532 nm, an achromatic waveplate was used. The spectral
dependence of its phase shift was determined by Chris Sturm using spectroscopic transmission
ellipsometry and is depicted in Fig. 2.3a. Because the excitation wavelength of λexc = 532 nm is
1In most recent publications, ω is used instead of ν¯ as variable for the Raman shift and the phonon energies.
This is avoided here to prevent confusion with the angular light frequency and because of the mismatch of
physical units (reciprocal length for ν¯ vs. reciprocal time for ω¯).
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Figure 2.2.: (a) Phase shift of the zero-order λ/2 waveplate, designed for λ = 325 nm, in de-
pendence on the wavelength. The grey dashed line gives the line shape for an ideal
chromatic waveplate. (b) Phase shift of the same λ/2 waveplate in dependence on
the Raman shift relative to λexc = 325 nm. The light grey solid line is a linear
approximation to the data.
between the two wavelength were the phase shift crosses the value of 180◦, a correction of the
phase shift is necessary also for the laser light. The dependence of the phase shift in dependence
on the Raman shift in the spectral range shown in Fig. 2.3b can be approximated well by the
quadratic function
χ(ν¯) = (173.2 + 0.0013ν¯/cm−1 + 5.8 × 10−7(ν¯/cm−1)2)◦. (2.2)
For a qualitative comparison of parallel and cross polarized spectra or excitation with the
polarization along diﬀerent crystal axes, the deviations of the phase shift from the ideal value
can be neglected. The same is true for applications where the exact intensity is not important.
However, it becomes relevant for applications like the determination of the Raman tensor elements
of the monoclinic β-Ga2O3 lattice. For this material, measurements with the waveplate on the
sample rail were conducted.
In the following, the coordinate system is deﬁned by the original laser beam. The x-axis is
parallel to its polarization and the z-axis is parallel to its propagation, the y-axis is perpendicular
to both. For the zero-order waveplate for λexc = 325 nm, the incident polarization in dependence
on the angle φ between the fast axis of the waveplate and the x axis is described by the equation
of an ideal λ/2 waveplate:
ei =
⎛
⎝ cos(2φ)sin(2φ)
0
⎞
⎠ . (2.3)
The polarization of the detected scattered light is determined by the product of the polarization
direction of the analyzer with the general Jones matrix for the non-ideal waveplate. Similarly,
also the polarization of the incident light for λexc = 532 nm is determined by the Jones matrix
multiplied with the polarization vector of the original laser source. This Jones matrix reads [53],
extended into three dimensions,⎛
⎝ cos2 φ + eiχ(ν¯) sin2 φ (1 − eiχ(ν¯)) cosφ sinφ 0(1 − eiχ(ν¯)) cosφ sinφ sin2 φ + eiχ(ν¯) cos2 φ 0
0 0 1
⎞
⎠ . (2.4)
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Figure 2.3.: (a) Phase shift of the achromatic λ/2 waveplate, designed for wavelengths around
λexc = 532 nm, in dependence on the wavelength. The dashed line marks the ideal
phase shift of 180◦, the grey mark at the bottom axis indicates the wavelength of
the exciting laser. (b) Phase shift of the same λ/2 waveplate in dependence on the
Raman shift relative to λexc = 532 nm. The light grey solid line is a quadratic
approximation to the data.
Only the relative phase shift between ordinary and extraordinary beam path were considered,
but not the absolute phase shift, because the absolute phase does not aﬀect the experimental
results. Based on this, the scattering intensity is described fully by
I ∝ (cos2 φ + eiχ(ν¯) sin2 φ, (1 − eiχ(ν¯)) cosφ sinφ, 0)R
⎛
⎝ cos2 φ + eiχ(0 cm
−1) sin2 φ
(1 − eiχ(0 cm−1)) cosφ sinφ
0
⎞
⎠ . (2.5)
for the parallel polarized conﬁguration and
I ∝ ((1 − eiχ(ν¯)) cosφ sinφ, sin2 φ + eiχ(ν¯) cos2 φ, 0)R
⎛
⎝ cos2 φ + eiχ(0 cm
−1) sin2 φ
(1 − eiχ(0 cm−1)) cosφ sinφ
0
⎞
⎠ . (2.6)
for the cross polarized conﬁguration with the Raman tensor R. For the zero-order waveplate at
λexc = 325 nm, χ in the right term equals 180◦. Therefore, this term becomes equal to Eq. (2.3).
For all other cases, the corresponding values of χ(ν¯) from Eq. (2.1) and Eq. (2.2) are inserted.
2.1.3. Spectral resolution and accuracy
The Jobin Yvon U1000 is a double additive Czerny Turner spectrometer. It is equipped with
two gratings with 2400 lines per millimeter with a Blaze angle corresponding to a wavelength
of 330 nm. The dispersed light is detected by means of a liquid nitrogen cooled charge coupled
device (CCD) camera consisting of 2048×512 square pixels with an edge length of 13.5 μm. The
experimentally determined spectral resolution of this system is Δλ = 0.006 nm corresponding to
a resolution in terms of wavenumbers of Δν¯ = 0.2 cm−1 at λexc = 532 nm and Δν¯ = 0.55 cm−1
at λexc = 325 nm, respectively [52]†.
The reproducibility and hence the accuracy of the relative spectral position between diﬀerent
measurements with the same setup is mainly limited by the thermal expansion and contraction
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of the spectrometer. For obvious reasons, this eﬀect is strongly correlated to the temperature
stability in the laboratory. The typically observed shift due to this temperature variation is
in the range of ±0.5 cm−1 at λexc = 532 nm and ±2 cm−1 at λexc = 325 nm. For some of
the measurements presented in this work, a higher accuracy is required. This is achieved by
measuring a spectrally ﬁxed calibration line simultaneously to the desired spectrum. This might
be a Raman line of the sample itself, which is not supposed to shift between measurements, e.g.
a Raman line of the substrate. If such a line was not available, the elastically scattered light
from a low pressure gas lamp additionally illuminating the sample was used for calibration. The
spectral accuracy achieved by this method is better than 0.1 cm−1.
2.1.4. Analysis of Raman spectra
The phonon mode energies were obtained from the Raman spectra by modeling of the Raman
modes using the Fityk software [54]. First, the known background was subtracted from the spec-
tra. This is either solely the constant dark current of the detector or an additional contribution
from photoluminescence, which can be approximated by a linear function in the small spectral
range of the Raman spectra. Then, line shape functions were used to approximate the Raman
modes in the baseline-corrected spectra. From their parameters, the desired properties of the
respective Raman line (spectral position, line width, area) are obtained.
Two types of line shape functions found application here: Lorentzian and Voigt functions. In
fully ordered crystals, most phonon modes typically decay exponentially with time. This life time
broadening results in a Lorentzian line shape. Thus, Lorentzian line shape functions are used
for such ordered crystals as e.g. binary Ga2O3 or In2O3. In the presence of disorder, e.g. due to
alloying, a further statistical broadening aﬀects the phonon modes. This statistical broadening
results in a Gaussian line shape, which is considered using Voigt line shape functions for the
modeling, which are convolutions of a Lorentzian and a Gaussian line shape function.
2.2. Other experimental techniques
X-Ray diﬀraction measurements were carried out by means of either a Philips X’Pert or a Philips
X’Pert MRD pro diﬀractometer. Both are equipped with a copper anode, the Kα irradiation of
which was used for the measurements. The laterally resolved wide-angle scans of the thin ﬁlms
with composition gradient were recorded by the X’Pert MRD pro. Therefore, it was equipped
with a PIXcel3D detector in 1D scanning mode with 255 channels. The probed area was limited
by a programmable divergence slit yielding an illuminated area of about 1.5× 10mm2, the short
side of which was aligned parallel to the gradient. A step size of 1mm was chosen. These
measurements were carried out by Michael Lorenz at Universität Leipzig. The homogeneous
thin ﬁlms and ceramic samples were measured using the Philips X’Pert diﬀractometer, which is
equipped with a Bragg-Brentano goniometer. These measurements were carried out by Marcus
Jenderka and Stefan Müller at Universität Leipzig.
The composition of the thin ﬁlms with composition spread was determined with high lateral
resolution by energy-dispersive X-ray spectroscopy (EDX). These were performed using a FEI
Novalab 200 scanning electron microscope equipped with an Ametek EDAX detector. The
measurements were carried out and evaluated by Jörg Lenzner at Universität Leipzig.
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3.1. Materials with wurtzite structure
3.1.1. Material properties
Crystal structure
The wurtzite structure is depicted in Fig. 3.1. It consists of two hexagonally close packed (hcp)
sublattices of diﬀerent atomic species. These are shifted against each other along the crystal
axis c. Because the hcp bravais lattice consists of two atoms per unit cell, there are four atoms
per wurtzite unit cell. The structure is uniaxial with a hexagonal symmetry in the crystal
plane, it belongs to the space group C46v and P63mc in Schönﬂies and international notation,
respectively. Lattice parameters for the four wurtzite-structured semiconductors investigated
here are summarized in Tab. 3.1.
Figure 3.1.: (a) Wurtzite crystal structure, the cations are illustrated as red balls and the anions
as blue balls. The most relevant planes are depicted as green planes in (b)-(e): (b)
c-plane (00.1), (c) m-plane (10.0), (d) a-plane (11.0) and (e) r-plane (01.2).
Phonon modes and Raman tensors
The four atoms per unit cell in the wurtzite structure result in twelve phonon modes of which
nine are optical phonons. At the Γ-point of the Brillouin zone, these belong to the irreducible
representation [59]
Γopt = A1 + 2B1 + E1 + 2E2. (3.1)
The E-modes are twofold degenerate at the Γ-point. The modes with A1 and E1 symmetry
are polar and thus split into LO and TO modes at the Γ-point. They are both Raman and
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Table 3.1.: Lattice paramaters for various crystals with wurtzite structure at room temperature.
Material a0 (Å) c0 (Å)
ZnO 3.25a 5.105a
GaN 3.19b 5.19b
InN 3.54c 5.71c
CdS 4.14d 6.71d
a Ref. [55]
b Ref. [56]
c Ref. [57]
d Ref. [58]
Table 3.2.: Energies of the Raman active phonon modes at the Γ-point of various wurtzite semi-
conductors, given in cm−1.
Phonon mode ZnO GaN InN CdS
E
(1)
2 99a 144b 87c 55e
E
(2)
2 438a 568b 488c 256e
A1(TO) 378a 532b 447c 234e
E1(TO) 410a 560b 476c 243e
A1(LO) 574a 737b 592d 305e
E1(LO) 590a 744b 604d 307e
a Ref. [61]
b Ref. [62]
c Ref. [63]
d Ref. [21], extrapolated from excitation en-
ergy dependent measurements
e Ref. [64]
IR active. The other modes are nonpolar. While the E2 modes are Raman active only, the
B1 modes are silent, i.e. neither Raman nor IR active. The atomic motion for the optical
phonon modes is depicted in Fig. 3.2. Literature values for the phonon mode energies of the four
wurtzite-structured semiconductors investigated here are summarized in Tab. 3.2.
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E2(1) E2(2)E1
A1 B1(1) B1(2)
[0001]
[1000]
[2110]
Figure 3.2.: Motion of the atomes of the wurtzite structure for its optical phonon modes. After
[60].
The Raman tensors for the C6v point group are of the form [47]
R(A1) =
⎛
⎝a 0 00 a 0
0 0 b
⎞
⎠ , (3.2a)
R(E2) =
⎛
⎝d d 0d −d 0
0 0 0
⎞
⎠ , (3.2b)
R(E1(x)) =
⎛
⎝0 0 c0 0 0
c 0 0
⎞
⎠ , R(E1(y)) =
⎛
⎝0 0 00 0 c
0 c 0
⎞
⎠ . (3.2c)
The resulting selection rules are summarized in Tab. 3.3. The z-axis was set parallel to the
c-axis of the crystal, the axes x and y denote any arbitrary directions in the c-plane which are
perpendicular to each other.
3.1.2. Sample preparation
Four materials exhibiting wurtzite structure are investigated in this work: ZnO, GaN, InN and
CdS. One main focus of the discussion lies on general material properties and not on speciﬁcs of
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Table 3.3.: Raman selection rules for wurtzite crystals in typical backscattering geometries ac-
cording to Eq. (3.2). The direction z is parallel to the c-axis of the crystal, x′ and y′
can be any two crystal directions perpendicular to z and to each other.
Scattering geometry Allowed Raman modes
z(x′x′)z A1(LO), E2
z(x′y′)z E2
x′(y′y′)x′ A1(TO), E2
x′(y′z)x′ = x′(zy′)x′ E1(TO)
x′(zz)x′ A1(TO)
particular samples. Consequently, high quality single crystals have been investigated if available.
In case of ZnO and CdS, commercially available samples of diﬀerent manufacturers were used,
in particular ZnO from CrysTec, Eagle Picher and Tokyo Denpa and CdS from Crystal GmbH.
Single crystals of GaN were provided by Freiberger Compound Materials GmbH and produced by
means of hybrid vapour phase epitaxy (HVPE). No single crystals of InN are available to date,
thus an unintentionally doped ﬁlm with a thickness of 5.5 μm prepared at Cornell University was
investigated instead.
Additionally, ZnO thin ﬁlms grown by means of pulsed laser deposition (PLD) were studied
[65]. For this, a KrF excimer laser with an emission wavelength of λ = 248 nm and a pulse energy
of 600mJ was used. The deposition was carried out in a vacuum chamber with pure oxygen as
background gas. To obtain diﬀerent growth directions of the ZnO ﬁlms, diﬀerent substrates
were used. Deposition on a-Al2O3 results in the growth of c-ZnO ﬁlms while on r-Al2O3, ZnO
grows in a-orientation. In Tab. 3.4, the parameters during sample deposition are summarized.
The ceramic targets were prepared by homogenization of the powders of the base materials,
subsequent pressing and sintering in air by Gabriele Ramm at Universität Leipzig. The PLD
process for these samples was carried out by Holger Hochmuth and Florian Schmidt.
Table 3.4.: Growth parameters for the PLD process of ZnO thin ﬁlms.
Growth parameter Value
Oxygen partial pressure 0.016mbar
Substrate temperature 650 ◦C
Laser pulse repetition rate 15Hz
3.2. Materials of the (Ga,In,Al)2O3 system
3.2.1. Material properties
Crystal structure
The group of the main-group metal sesquioxides exhibits a large variety of polymorphs [66–68],
most of which are labelled with Greek letters based on the chronology of the discovery of the
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Table 3.5.: Lattice parameters of β-Ga2O3 at room temperature. Values taken from Ref. [70]
Lattice parameter Value
a0 12.21Å
b0 3.04Å
c0 5.80Å
α 103.83◦
phases of Al2O3. Here, the introduction is restricted to the stable phases of the binary materials
which are of relevance for the investigations presented in Part IV. Al2O3 is not discussed in detail
because it is well-known and thus not studied as binary material here.
All samples of Ga2O3 investigated in this work exhibit the most stable β-modiﬁcation which is
depicted in Fig. 3.3. The oxygen atoms form a distorted face-centred cubic (fcc) sublattice. The
gallium atoms occupy all of the distorted octahedral and half of the distorted tetrahedral posi-
tions of the oxygen sublattice, consequently the gallium atoms are equally distributed between
tetrahedral and octahedral sites. In total, the unit cell of β-Ga2O3 consists of ten atoms. This
structure has a monoclinic symmetry and belongs to the space group C2/m in international and
C32h in Schönﬂies notation, respectively.
Figure 3.3.: Crystal structure of β-Ga2O3. Oxygen atoms are represented by red balls, gallium
atoms in tetrahedral coordination by blue and such in octahedral coordination by
green balls. Created using VESTA 3 [69].
The most stable modiﬁcation of In2O3 is named after the mineral bixbyite, it is depicted in
Fig. 3.4. The oxygen atoms are situated at the corners of a cubic lattice occupying six out of
eight of these sites, the other two per cube are vacant. These vacancies are arranged in a way
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that there are two types of cubes: such with the vacancies connected by a room diagonal and
such with the vacancies connected by a face diagonal. The indium atoms are situated in the
body of these cubes. A 5 × 5 × 5 cube of the oxygen atoms forms a body-centred cubic (bcc)
lattice, thus the 80 atoms per unit cell correspond to 40 atoms per primitive unit cell. The
lattice has a bcc symmetry which belongs to the space group Ia3¯ in international and T 5h in
Schönﬂies notation, respectively. The lattice parameter of this structure at room temperature is
a0 = 10.12Å [71,72].
Figure 3.4.: Crystal structure of bcc-In2O3. Oxygen atoms are represented by red balls, indium
atoms in cubes with vacancies across the room diagonal by blue balls and such in
cubes with vacancies across the face diagonal by green balls. One of these cubes each
is marked by black lines. Created using VESTA 3 [69].
The stable modiﬁcation of Al2O3 is the α-modiﬁcation. Its trigonal symmetry belongs to the
space group R3¯c in international and D63d in Schönﬂies notation. The lattice parameters of this
structure at room temperature are a0 = 4.76Å and c0 = 12.99Å [73].
Phonon modes and Raman tensors
The ten atoms per unit cell in the β-Ga2O3 structure result in 30 phonon modes of which 27 are
optical. These belong to the irreducible representation [39]
Γopt = 10Ag + 5Bg + 4Au + 8Bu. (3.3)
The modes with Ag and Bg symmetry are Raman active only, the other modes are IR active
only. Literature values for the phonon mode energies of β-Ga2O3 are summarized in Tab. 3.6.
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Table 3.6.: Energies of the Raman active phonon modes at the Γ-point of β-Ga2O3, given in
cm−1.
Phonon mode Ref. [38] Ref. [39]
A1g 110.2 111
B1g 113.6 114
B2g 144.7 147
A2g 169.2 169
A3g 200.4 199
A4g 318.6 318
A5g 346.4 346
B3g n/a 353
A6g 415.7 415
A7g n/a 475
B4g 473.5 475
A8g 628.7 628
B5g 652.5 651
A9g n/a 657
A10g 763.9 763
The Raman tensors for the C2h point group are of the form [47]
R(Ag) =
⎛
⎝a d 0e b 0
0 0 c
⎞
⎠ , (3.4a)
R(Bg) =
⎛
⎝0 0 f0 0 h
g i 0
⎞
⎠ , (3.4b)
yielding the selection rules given in Tab. 3.7. In this notation, the z-axis is parallel to the b-axis
of the crystal.
Table 3.7.: Raman selection rules for β-Ga2O3 in typical backscattering geometries according to
Eq. (3.4). The direction z is parallel to the b-axis of the crystal, x′ and y′ can be any
two directions perpendicular to z and to each other.
Scattering geometry Allowed Raman modes
z(x′x′)z Ag
z(x′y′)z Ag
x′(zz)x′ Ag
x′(zy′)x′ Bg
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For the bixbyite structure of In2O3, 120 phonon modes are expected of which 117 are optical.
These belong to the irreducible representation [6]
Γopt = 4Ag + 4Eg + 14Fg + 5Au + 5Eu + 17Fu. (3.5)
The modes with even parity, i.e. those with Ag, Eg and Fg symmetry, are Raman active only,
those with Fu symmetry are IR active only and the other modes are silent. Theoretical and
experimental literature values for the phonon mode energies of bcc-In2O3 are summarized in
Tab. 3.8. The Raman tensors for the Th point group are of the form [47]
R(Ag) =
⎛
⎝a 0 00 a 0
0 0 a
⎞
⎠ , (3.6a)
R(Eg) =
⎛
⎝b 0 00 b 0
0 0 0
⎞
⎠ , √3
⎛
⎝b 0 00 −b 0
0 0 0
⎞
⎠ , (3.6b)
R(Fg) =
⎛
⎝0 d 0d 0 0
0 0 0
⎞
⎠ ,
⎛
⎝0 0 d0 0 0
d 0 0
⎞
⎠ ,
⎛
⎝0 0 00 0 d
0 d 0
⎞
⎠ , (3.6c)
yielding the selection rules given in Tab. 3.9.
The phonon modes of α-Al2O3 belong to the irreducible representation [74]
Γopt = 2A1g + 3A2g + 5Eg + 2A1u + 2A2u + 4Eu. (3.7)
The A1g and the Eg modes are Raman active, the A2g and the A1u modes are IR active and
the Eu modes are silent. Literature values for the energies of the Raman active phonons are
summarized in Tab. 3.10.
3.2.2. Sample preparation
The thin ﬁlm samples were grown with the same PLD system as the ZnO thin ﬁlms (cf. sec-
tion 3.1.2) by Holger Hochmuth. Samples of binary Ga2O3 and In2O3 were grown on 5× 5mm2
or 10×10mm2 substrates. The ternary (Ga,In)2O3 and (Ga,Al)2O3 samples were grown using a
continuous composition spread (CCS) technique on 2-inch substrates [37]. A segmented target,
in this case consisting of two segments of the respective binary materials, is used. By a syn-
chronous rotation of substrate and target, a ﬁlm with a one-dimensional composition gradient
is grown. All substrates were heated to a temperature of about 650 ◦C during the deposition.
The oxygen pressure for the Ga2O3 samples was chosen to achieve a good crystalline quality of
single-phase β-Ga2O3. Similarly, the oxygen pressure of the CCS ﬁlms was chosen for an optimal
crystal quality in the β-phase. The other parameters of these ﬁlms are summarized in Tab. 3.11.
The ceramic samples were prepared by Gabriele Ramm at Universität Leipzig, similarly to the
PLD targets. Powders of the respective binary materials (Ga2O3, In2O3, Al2O3) were mixed in
the desired ratio and the mixtures were homogenized using tungsten carbide balls. The powders
were then pressed and sintered until a full reaction of the base materials was completed.
Further, high-quality single crystals grown from melt by Tamura using the “edge-deﬁned ﬁlm-
fed growth” method were investigated. These crystals have a single polished side of an area of
10×15mm2, which is either (010)- and (2¯01)-oriented. The in-plane directions for these crystals
are depicted in Fig. 3.5.
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Table 3.8.: Theoretically calculated and experimentally observed energies of the Raman active
phonon modes at the Γ-point of bcc-In2O3, given in cm−1. Modes marked by an
asterisk are superimposed with other modes in the spectra. Some of the phonon
modes were not reported in the literature. Values taken from [6].
Phonon mode Theory Experiment
F
(1)
g 106 108
F
(2)
g 114 118
A
(1)
g 128 131
F
(3)
g 148 152
E
(1)
g 165 169
F
(4)
g 199 205
F
(5)
g 204 211
F
(6)
g 302 306∗
A
(2)
g 302 306∗
E
(2)
g 308 n/a
F
(7)
g 312 n/a
F
(8)
g 356 365
F
(9)
g 379 n/a
E
(3)
g 385 396
F
(10)
g 438 n/a
F
(11)
g 447 467
A
(3)
g 476 495
F
(12)
g 499 513
F
(13)
g 520 n/a
E
(4)
g 565 590
A
(4)
g 576 n/a
F
(14)
g 600 628∗
Table 3.9.: Relative Raman scattering cross sections and selection rules for the three phonon
mode symmetries in bcc-In2O3 in typical backscattering geometries according to
Eq. (3.6). x = [100], y = [010], z = [001], x′ = [110], z′′ = [111]. x′′ and y′′
denote any two orthogonal directions of the (111)-plane.
Scattering geometry Ag Eg Fg
z(xx)z |a|2 4|b|2 0
z(xy)z 0 0 |d|2
z(x′x′)z |a|2 |b|2 |d|2
z′′(x′′x′′)z′′ |a|2 |b|2 2/3|d|2
z′′(x′′y′′)z′′ 0 |b|2 |d|2
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Table 3.10.: Experimentally observed energies of the Raman active phonon modes at the Γ-point
of α-Al2O3, given in cm−1. Values taken from [75].
Phonon mode Raman shift
E
(1)
g 378.7
A
(1)
1g 417.4
E
(2)
g 430.2
E
(3)
g 448.7
E
(4)
g 576.7
A
(2)
1g 644.6
E
(5)
g 750.0
Table 3.11.: Growth parameters and properties for the investigated thin ﬁlms. p(O2) is the
oxygen pressure in the PLD chamber and d the approximate thickness of the ﬁlm.
Values with dots denote an inhomogeneous thickness distribution. Two samples with
diﬀerent thicknesses of (Ga,In)2O3 on Al2O3 (00.1) were grown. For the ternary
alloys, the orientation depends on the phases in the ﬁlm, the β-phase is oriented as
for the binary Ga2O3 on the same substrate.
Material Substrate Film orientation p(O2)/mbar d/nm
Ga2O3 MgO (100) (100) 0.05 1000
Al2O3 (00.1) (2¯01) 3 × 10−4 300
In2O3 Al2O3 (00.1) (111) 3 × 10−4 1000
YSZ (100) (100) 3 × 10−4 1000
(Ga,In)2O3 MgO (100) 0.08 500
Al2O3 (00.1) 3 × 10−4 100. . . 200, 200. . . 400
(Ga,Al)2O3 MgO (100) 0.08 400. . . 600
(a) (b)
[102] [102]
[010][001]
Figure 3.5.: In-plane directions of the (a) (010)- and (b) (2¯01)-oriented β-Ga2O3 single crystals.
The angle between the [102] and the [100] is 53.8◦. Note that antiparallel directions
like [102] and [1¯02¯], which are crystallographic diﬀerent for the monoclinic lattice,
can be treated as identical for the Raman spectroscopic investigations due to the
symmetry of the linear polarization used.
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Wurtzite-structured semiconductors
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Raman scattering in semiconductors excited above the bandgap involves not only virtual but
also real electronic states, thus the excitation is always resonant. This causes additional phenom-
ena like the enhanced scattering by LO phonons as described in section 1.3.2. Here, such eﬀects
are studied for wurtzite semiconductors because of their advantageous properties for these invest-
igations. Wurtzite crystals are typically highly polar with large excition binding energies [76,77].
These conditions promote the Fröhlich interaction between excitonic states and LO phonons en-
hancing the scattering processes described by the cascade model, which are subject of this part.
Further, the uniaxiality of this structure causes an energetic splitting of the LO phonon energies
depending on the phonon’s propagation direction relative to the crystal axis c. Therefore, the
propagation direction of the phonons involved in the scattering process determines the observed
Raman shift and thus can be identiﬁed from the spectral peak position.
The resonantly enhanced ﬁrst-order scattering by LO phonons (referred to as 1LO in the fol-
lowing) is dealt with in chapter 4. The state of literature shows some ambiguity about the nature
of this process. For example Alarcó-Lladó et al. [19] investigated ZnO excited at λexc = 325 nm.
They applied the quasi-mode model of Loudon (see section 1.1) to their measured spectra re-
quiring them to assume that the propagation direction of the excited LO phonons is determined
by the wave vectors of the participating photons. This is in contradiction to the ﬁndings of
Kuball et al. [78] and Davydov et al. [21, 22], who observed an increasing redshift of the 1LO
peak relative to the respective Γ-point phonon energy with increasing excitation energy. It is
shown in chapter 4 that the redshift observed for excitation well above the bandgap is too strong
to be caused by the larger photonic wave vector as compared to excitation below the bandgap.
This was also realized by Davydov et al. [21], who explain their observations with elastic scatter-
ing from charged impurity centers as momentum conservation breaking process. However, this
elastic scattering from a state near the Γ-point to a state with large wave vector is essentially
independent from the initial state. Particularly, the original propagation direction is not con-
served by this elastic scattering process. This is again in contradiction with the observation that
the 1LO peak position depends on the excited crystallographic orientation of the sample, as it
was observed by themselves [21,22] for InN and by others [19,20] for ZnO. Here, a model [79] is
introduced which is consistent with these observations. It distinguishes between diﬀerent types
of defects causing the wave vector non-conservation according to the dimensionality of spatial
conﬁnement, particularly the surface and point defects. Several consequences of this model on
the appearance of the 1LO mode in experimental spectra are drawn from this model and are
veriﬁed by experiment. Further, polarization properties for the two individual processes are
postulated and experimentally validated. They allow the distinction of the two processes from
polarized Raman spectra. This polarization dependence of the 1LO peak was not yet discussed
in the literature.
A second ﬁeld not yet fully studied is the inﬂuence of intrinsic and photo-excited charge car-
riers on the resonantly excited spectra, which is covered in chapter 5. For excitation below the
bandgap, a blueshift of the 1LO peak with increasing charge carrier concentration was observed
before for ZnO [27] and GaN [25,26], in agreement to the LPP model introduced in section 1.4.1.
In contrast, for the large wave vector phonons involved in the scattering process excited above
the bandgap, a decrease of the LO phonon energy is expected with increasing charge carrier con-
centration (cf. section 1.4.2). This was indeed observed for GaN in dependence on the dopant
implantation dose [14] for the 4LO to 6LO peaks, but was not yet quantitatively analyzed. Also
Kasic et al. [80] discussed this charge carrier screening as possible origin for the variations of the
1LO peak position observed for InN in the literature. Besides that, no thorough investigation on
the impact of the charge carrier concentration on the observed LO modes in wurtzite semicon-
ductors excited above the bandgap has been carried out so far. Further, such a redshift was also
observed for the 1LO peak in dependence on the excitation power density for ZnO [81, 82] and
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GaN [83]. The authors declared heating of their samples to be responsible for the shift, which is
likely because of the nanocrystalline form of the samples. However, an increasing concentration
of photo-excited charge carriers might as well cause such a shift and be particularly important in
bulk samples. For excitation below the bandgap, a shift of the LPP mode due to photo-excited
carriers was already observed [26]. In chapter 5, the eﬀect of charge carriers incorporated by
doping on the 2LO phonon energy [84]† is studied. The 1LO line is inadequate for these in-
vestigations because doping also aﬀects the contribution of elastic scattering by point defects,
strongly complicating such investigations. The established model, originally developed for GaAs
(see section 1.4.2), is applied to this problem for a quantitative comparison.
In chapter 6, an application of the eﬀects discussed above is introduced. They allow to probe
changes at the ZnO surface from the spectral position of the 1LO line, which can be assigned
to the formation of a surface charge layer. Therefore, investigations on ZnO samples in oxygen-
poor atmosphere are carried out. Further, also unintentional variations of this eﬀect are found
in ambient air, depending on the illumination time by the exciting laser. Such eﬀects were not
reported in the literature before.
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4.1. Model
4.1.1. Determination of phonon wave vector by defect localization
Defects acting as centers for elastic scattering of excitons are not limited to point defects, but may
have an arbitrary extension in real space. According to Heisenberg’s uncertainty principle, this
elastic scattering process can only break the momentum conservation if the defect is localized in
at least one dimension of real space; and the breakdown then occurs only in the dimension(s) of
defect localization. As a result, for the proper description of the resonantly enhanced 1LO scat-
tering diﬀerent types of defects are considered: one-dimensionally conﬁned planar defects such
as the surface or an interface, two-dimensionally conﬁned linear defects and three-dimensionally
conﬁned point defects such as impurities. In the experiments carried out in the framework of
this thesis, only eﬀects of planar and point defects are observed (see section 4.3), thus only these
two defect types are discussed in the following. However, this approach is equivalently valid for
linear defects and can be easily adopted for the treatment of them as well.
As described above, it follows directly from Heisenberg’s uncertainty principle that planar
defects only break k-conservation in the direction normal to the defect plane. Consequently, if
excitons with small wave vectors, such as those which are optically excited, are scattered into a
state with a large wave vector at planar defects, the direction of that wave vector is determined
to be also normal to the defect. This scattering mechanism and Raman lines connected to it
will be called s1LO in the following, “s” indicating the surface within the excitation spot as
two-dimensional defect of the crystal lattice.
Analogously, if the ﬁnal state of an optically excited exciton elastically scattered by point
defects is a state with large wave vector, the direction of propagation is essentially randomly
distributed in reciprocal space. This scattering mechanism and Raman lines connected to it will
be called i1LO in the following, “i” indicating impurities as the most common point defects.
4.1.2. Polarization properties
For the two scattering processes s1LO and i1LO, diﬀerent polarization properties are postulated.
In section 4.3, these are shown to be in full agreement with experimental observations. For
elastic scattering at the surface it seems natural, in case of normal incidence backscattering
geometry, that not only the in-plane wave vector but also the polarization, being in-plane as
well, is conserved. Therefore, the emission of the s1LO line is postulated to be parallel polarized
with respect to the incident laser light for this scattering geometry.
In contrast, for the elastic scattering from point defects, a (partial) depolarization can be
expected. The related i1LO line is postulated to be observable in the parallel as well as in the
cross polarized conﬁguration.
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(a) (b) (c)
Figure 4.1.: Schematic illustration of the diﬀerent behaviour of the s1LO and the direct process
for normal and oblique incidence in backscattering geometry. The propagation direc-
tion of the incident photons is depicted by black arrows (scattered photons propagate
anti-parallel to that), that of the phonons by dark grey arrows and the sample is
depicted as light grey square. (a) For normal incidence, wave vector of the scattered
phonon is normal to the surface for both processes. (b) Direct Raman scattering
with oblique incidence: The photon is refracted at the surface, the wave vector of
the phonon is tilted relative to the surface normal. (c) The phonon wave vector is
always normal to the surface for the s1LO process, also for oblique incidence.
4.1.3. Consequences on experimental results
Considering a perfectly crystalline sample, i.e. particularly one without any impurities or other
point defects, the i1LO process cannot occur. In this case, the only defect of the lattice is the
surface on which the excitation is carried out on. Consequently, the only enhanced scattering
process involving single phonons with large wave vector is the s1LO process. These wave vectors
are determined to be normal to the surface as deliberated in section 4.1.1. Because the phonon
energy in wurtzite materials depends on the direction of the phonon propagation relative to the
crystal axis, diﬀerent spectral positions for the s1LO line are expected for diﬀerent crystallo-
graphic orientations of the excited surface. The extreme cases that can occur are the phonon
propagation parallel to the c-axis in case of excitation on the c-plane and the phonon propagation
perpendicular to the c-axis for excitation on a plane parallel to this axis. In the following, the
former will be named s1LO(A) and the latter s1LO(E) referring to the Γ-point phonons A1(LO)
and E1(LO) propagating in the same direction.
For an experimental backscattering geometry with normal incidence, the expected directions
of phonon propagation for the s1LO process are identical to those in the “direct” (i.e. without
mediating exciton states) Raman process as for excitation below the bandgap, which are determ-
ined by the photon wave vectors according to Eq. (1.6b) (see Fig. 4.1). Thus, for these conditions
no diﬀerence can be observed between the s1LO and the direct process regarding the dependence
on the orientation of the crystal. However, their behaviour diﬀers for oblique incidence. For
the direct Raman scattering process at the Γ-point, a variation of the phonon’s propagation
direction and thus of its energy in dependence on the incidence angle is expected as described by
Eq. (1.2b). In contrast, the phonon propagation direction does not depend on the incidence angle
for the s1LO process as it is determined solely by the orientation of the surface itself. Thus, the
spectral position of the s1LO line is ﬁxed for a given surface on which the excitation is carried
out on and does not shift when the scattering geometry is modiﬁed.
Similarly to the s1LO line, the i1LO line is expected to be independent of the photon propaga-
tion and with that of the scattering geometry. Further, it is expected to be completely inde-
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pendent of the orientation of the crystal or the excited surface because the intermediate exciton
state has an arbitrary propagation direction in space. Thus, the respective i1LO line results from
averaging over all directions of the Brillouin zone with two main consequences: The i1LO line
is broadened compared the s1LO lines and it is spectrally situated between the two extrema,
s1LO(A) and s1LO(E).
Obviously, the i1LO line can only be observed for samples with point defects such as impur-
ities. They provide an additional center for elastic scattering enhancing the scattering intensity.
Consequently, the intensity of the 1LO line is expected to increase with point defect incorporation
into the sample. However, the s1LO process is also present in such samples so that in general a
superposition of both processes is observed (except for cross polarized measurements, see below).
With increasing number of point defects, the contribution of the i1LO process increases resulting
in a shift of the 1LO line from the position of the s1LO line towards that of the i1LO line.
A further distinction between the s1LO and the i1LO contribution is possibly based on the
polarization properties postulated in subsection 4.1.2. Because the s1LO line is only observable
in the parallel polarized conﬁguration for normal incident backscattering, in the cross polarized
conﬁguration the contribution of the i1LO line is isolated. Therefore, the intensity of the 1LO line
in the cross polarized spectrum is expected to be more sensitive to the point defect concentration
and to vanish in the case of a perfect crystal. Further, the peak position is predicted to be
independent from the crystallographic orientation of the excited surface.
For convenience, the predictions on the impact of the introduced model on experiments are
brieﬂy summarized in the following:
1. For high quality crystals:
a) The spectral position of the 1LO Raman line depends on the crystallographic orient-
ation of the surface the excitation is carried out on.
b) The intensity of the 1LO Raman line in the cross polarized spectrum is weak compared
to the peak in parallel polarization.
c) The spectral position of the 1LO Raman line in the cross polarized spectrum is between
the s1LO(A) and s1LO(E) position, if detectable.
2. For doped crystals:
a) The dependence of the spectral position of the 1LO Raman line on the crystallographic
orientation of the excited surface is reduced.
b) The integrated intensity of the 1LO Raman line is increased.
c) The intensity ratio for the 1LO Raman line between the parallel polarized and the
cross polarized spectrum is reduced.
3. For any crystal, independent of purity,
a) The spectral position of the 1LO Raman line does not change with sample tilt.
b) The spectral position of the 1LO Raman line in the cross polarized spectrum does not
depend on the crystallographic orientation of the excited surface.
4.2. Calculation of theoretical spectra
A theoretical approach was chosen to verify if the observed redshift of the 1LO lines can be
caused by the wave vector broadening due to light absorption at the surface. For this purpose,
this mechanism was opposed to similar calculations for the eﬀect of the elastic scattering at the
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surface. These calculations were carried out for ZnO and GaN. Further, also elastic scattering
with random direction of the wave vector of the ﬁnal state was considered simulating elastic
scattering at point defects.
The calculations executed here are based on the double resonance theory by Martin [50] intro-
duced in section 1.3, particularly on Eq. (1.23). This was generalized in some points to suit the
scope of this thesis. The form factor f(qz) was either used to describe the k-conservation viola-
tion by the absorption, as already introduced by Martin [50], or by the elastic scattering process
at the surface. The latter is described by means of a constant function f(qz) corresponding to
a complete delocalization of the elastically scattered exciton in the z-direction of the reciprocal
space. Further, the delta distribution of the phonon energy is replaced by a Lorentzian energy
distribution. Due to the lack of data for phonon lifetime broadening for |q| > 0, the spectral
broadening of the Raman modes of the respective Γ-point phonons obtained with excitation
below the bandgap was used as the Lorentzian broadening.
The largest change made to the model of the Martin [50] is the replacement of the Raman
tensor element R by the more complex expression of Trallero-Giner et al. [49] (Eq. (10) of
that publication) for the Raman polarizability due to Fröhlich interaction. The three discrete
exciton states with the lowest principal quantum number and continuum states with a spacing
of 1 × 105 cm−1 were taken into account. The uniaxiality of the electronic system was neglected.
Also, only the excitonic branch with the lowest energy (the A exciton) was considered. The
parameters used for these calculations are summarized in Tab. 4.1 for the two materials ZnO
and GaN. All calculations were performed for λexc = 325 nm.
The calculated curves of the squared absolute Raman tensor element |R|2 and the form factor f
are depicted in Fig. 4.2a. The Raman tensor element is centred at approximately 1.4 × 107 cm−1
for ZnO and approximately 1.0 × 107 cm−1 for GaN. This coincides with the respective k-values
of the discrete states of the A-exciton at the chosen excitation energy as it was expected. The
form factor shows a maximum below 1 × 106 cm−1 and decreases rapidly for larger q for both
materials. Thus, the diﬀerential scattering cross section
d2σ
dν¯dq = |R(q)|
2 × f(q) (4.1)
mainly resembles the lineshape of the form factor f with only small contributions of phonons
with large wave vectors.
The main goal of these calculations is the approximation of the spectral positions of the
1LO modes. Thus, the phonon mode dispersion ν¯0(q) is of particular importance. However, the
accuracy of the available data is limited. For ZnO, the dispersion was determined experimentally
by means of inelastic neutron scattering by Serrano et al. [95] which results in much more accurate
data compared to density functional theory (DFT) calculations. The data points extracted from
this publication are shown in Fig. 4.3. A disadvantage of these data is the small number of
data points due to the large eﬀorts necessary for this kind of measurements. Consequently, the
line shape of the dispersion cannot be determined from the data points as illustrated by the
comparison between Fig. 4.3a and 4.3b. The cubic spline used in (a) is physically correct at
q = 0 because its derivative is 0 at this point. However, the assumption of such a line shape
from these few data points can hardly be justiﬁed. Further, also the simple linear approximation
shown in (b) matches the experimental data quite well. Thus, the linear approximation was
chosen for all calculated spectra shown in this thesis according to the principle of simplicity. The
comparison between both results however shows even a slightly better match to the experimental
data for the cubic spline interpolation. Independent of the used method of interpolation, the
experimental data show a steeper decrease of phonon energy with increasing wave vector for
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Table 4.1.: Parameters for the calculation of the Raman tensor element: lattice parameters a0
and c0, bandgap energy Eg, eﬀective electron and hole masses m∗e and m∗h, exciton
life time broadening Γex, exciton binding energy Eex, exciton Bohr radius aB,ex, spin-
orbit splitting ΔSO, refractive index nr, low and high frequency dielectric constants
0 and ∞, absorption coeﬃcient α at λexc = 325 nm, and phonon mode broadening
Γ(A1(LO)) and Γ(E1(LO)).
Parameter ZnO GaN
a0 3.25Å [55] 3.19Å [56]
c0 5.105Å [55] 5.19Å [56]
Eg 3.37 eV [85] 3.39 eV [86]
m∗e 0.28 me [87] 0.2 me [88]
m∗h 2.4 me [87] 2.0 me [88]
Γex 46meV a 40meV a
Eex 63meV [76] 21meV [77]
aB,ex 1.5 nm b 2.8 nm b
ΔSO −12meV [89] −8meV [90]
nr 2.0 [91] 2.6 [92]
0 8.2 [91] 10.9 [92]
∞ 3.6 [4] 5.35 [92]
α 1.6 × 105cm−1 [93] 1.2 × 105cm−1 [94]
Γ(A1(LO)) 9.7 cm−1 [61] 5.7 cm−1 c
Γ(E1(LO)) 11.7 cm−1 [61] 6.7 cm−1 c
a Broadening of near band edge luminescence.
b Calculated.
c Raman measurements at λexc = 532 nm.
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Figure 4.2.: (a) Squared absolute Raman tensor element |R|2 (dotted lines) and form factor f
(solid lines) for light absorption at the surface, both in dependence on the the wave
vector q for ZnO (black) and GaN (grey). (b) Diﬀerential scattering cross section for
light absorption, for elastic scattering at the surface this plot would resemble |R|2
of (a). All data are calculated for λexc = 325 nm.
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Figure 4.3.: Phonon dispersion of ZnO as determined by inelastic neutron scattering [95]
(squares) for the directions parallel (black) and perpendicular (grey) to the c-axis.
The data points were (a) interpolated by means of a cubic spline and (b) approx-
imated by a linear function (solid lines).
phonon propagation perpendicular to the c-axis. Further, the energy decrease in this direction for
small q is considerably smaller than what is observed in dispersions obtained by DFT calculations.
For GaN, no inelastic neutron scattering data on the phonon dispersion have been published
yet. Ruf et al. [96] reported on inelastic X-ray scattering in GaN, but only 4 data points for the
LO phonon propagating parallel to the c-axis were shown. These were not suﬃcient as basis for
the calculation of the spectra. Thus, results from DFT calculations [97] were used. These do
not require an interpolation of the data to obtain the line shape. However, as discussed for ZnO,
these DFT-calculated dispersions may deviate signiﬁcantly from the actual phonon dispersions,
particularly in the critical region near the Γ-point.
The Lorentzian broadening of the phonon modes was set as constant as indicated before. It is
very probable that this broadening deviates from the Γ-point value for q = 0, but as no data for
q > 0 is available, these values are used anyway. The error mainly aﬀects the broadening of the
peaks in the calculated spectra.
For the simulation of elastic scattering at point defects, an integration over all directions of the
reciprocal space was carried out. Due to symmetry reasons, only the angle relative to the c-axis
between 0◦ and 90◦ was needed to be considered. The phonon energy in dependence on the angle
relative to the c-axis was approximated according to Eq. (1.2b). This gives a smooth variation
of the phonon energy with varying angle and appears therefore as a reasonable approximation.
However, it is necessary to note that the physical origin of Eq. (1.1) is strictly valid only at q = 0.
4.3. Comparison to experiment
4.3.1. Experimental results
High-purity crystals
Raman spectra of various wurtzite single crystals excited at λexc = 325 nm in a parallel polarized
conﬁguration are shown in Fig. 4.4. The nonpolar E(2)2 mode and the A1(TO) mode are observed,
but with a low intensity compared to excitation below the bandgap [61, 62]. Their spectral
positions are in full agreement with results from excitation below the bandgap and the selection
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Figure 4.4.: Parallel polarized Raman spectra excited at λexc = 325 nm of (a) GaN, (b) ZnO
and (c) CdS single crystals. Excitation was carried out on a surface parallel to
the c-plane (black line, z(xx)z¯ geometry) and perpendicular to it (grey line, x(zz)x¯
geometry), respectively. The dashed lines indicate the Γ-point phonon energy of the
respective LO modes.
Table 4.2.: Room temperature energies of the experimentally observed 1LO lines in cm−1 for
single crystals of various wurtzites excited at λexc = 325 nm. Values in parentheses
give the energies of the respective Γ-point phonons A1(LO) and E1(LO) as determined
by Raman scattering excited below the bandgap. Data was taken from the literature
where available, these values are in agreement with results from own measurements.
Otherwise, values solely based on own results are given. All values are given in cm−1.
Surface orientation ZnO GaN CdS
‖ c 570 [19] (574 [61]) 727 (734 [62]) 298.5 (300)
⊥ c 579 [19] (590 [61]) 731 (741 [62]) 298 (303)
rules according to the Raman tensors given in Eq. (3.2) are obeyed. According to these selection
rules, the observation of the A1(LO) line would be expected for the z(xx)z¯ geometry. For the
x(zz)x¯ geometry, both LO modes are forbidden. In contrast to this, peaks in the spectral region
of the LO phonons are observed for both geometries. These peaks are redshifted with respect to
the Γ-point LO phonon energies indicated by dashed lines in Fig. 4.4. Their positions depend
on the crystallographic orientation of the excited surface for ZnO and GaN. For CdS, only a
very small diﬀerence between the two orientations can be observed, which is probably due to
the small splitting of A1(LO) and E1(LO) in this material. Consequently, measurements of CdS
are neither suitable to substantiate nor to disprove the model introduced here and will not be
discussed here any further. The 1LO peak positions are summarized and compared to the Γ-point
phonon energies in Tab. 4.2.
The experimentally observed spectral positions of the 1LO modes for ZnO are compared to
calculated spectra in Fig. 4.5 for the two orientations. For both, the experimental curves show a
stronger redshift than the calculation does. Similarly, the model involving elastic scattering at the
surface gives increased redshifts compared to the absorption model. Hence a better match to the
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Figure 4.5.: Theoretically calculated (solid lines) and experimental (scatter plot) Raman spectra
of the 1LO mode of ZnO for excitation at λexc = 325 nm in backscattering geometry
with normal incidence on (a) the c-plane and (b) a surface perpendicular to the
c-plane. The calculation was based on k-conservation violation due to absorption
(light grey curve) and elastic scattering at the surface (dark grey curve), respectively.
Table 4.3.: Comparison of the peak centers of calculated and experimental 1LO lines of ZnO and
GaN excited at λexc = 325 nm. All values are given in cm−1.
Theory Experiment
Photon absorption Elastic scattering
ZnO GaN ZnO GaN ZnO GaN
Peak position k ‖ c 572.8 733.5 570.8 730.0 570 727
Redshift to A1(LO) 1.2 0.5 3.2 4.0 4 7
Peak position k ⊥ c 588.1 740.8 582.1 739.5 579 731
Redshift to E1(LO) 2.9 0.2 7.9 1.5 12 10
experimental data is obtained if the elastic scattering is considered, particularly for excitation on
a surface perpendicular to the c-plane (see Fig. 4.5b). The line broadening is similar for all curves.
The peak position values for the two calculated and the experimental spectra are summarized
for ZnO and GaN in Tab. 4.3. The better agreement of the elastic scattering model to the
experiment is also reﬂected by these numbers, particularly for the redshift relative to the Γ-point
phonons. For the redshift relative to E1(LO) of GaN, both models give a bad agreement, though
the value for elastic scattering is closer to the experimental result by one order of magnitude.
Measurements with tilted samples were conducted in order to qualitatively distinguish between
the inﬂuence of the crystallographic orientation of the surface and that of the orientation of the
crystal relative to the optical beam path. If the orientation dependence of the 1LO line shown
above was due to the orientation of the c-axis relative to the light propagation direction, then the
quasi-mode model could be applied. By doing so using the values from Tab. 4.2 in substitution
for ν¯‖LO and ν¯⊥LO, the expected line shifts can be calculated. For ZnO, which has a refractive index
of n ≈ 2 for both λexc = 325 nm and λexc = 532 nm [91], the applied tilting angles of θ = 45◦ and
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Figure 4.6.: Parallel polarized Raman spectra of a c-plane ZnO single crystal with the surface
normal tilted relatively to the optical beam path by the given angle θ. (a) Excited
at λexc = 532 nm, plotted with logarithmic intensity scale; (b) excited at λexc =
325 nm, plotted with linear intensity scale. The dashed line indicates the 1LO peak
position for θ = 45◦. The spectra have been shifted vertically for clarity.
θ = 60◦ correspond to angles between the light propagation direction within the sample and the
surface β of θ = 21◦ and θ = 26◦, respectively. This results in a shift of 1 cm−1 and 1.5 cm−1,
respectively, to higher energies for c-plane and to lower energies for m-plane samples. These
shifts are more pronounced for r-plane samples due to the steeper slope of the angle-dependent
phonon energy (see Fig. 1.2). For a tilt of ±45◦, a shift of approximately ±3 cm−1 is calculated,
i.e. a total shift of 6 cm−1 between the two tilting directions.
Spectra of such tilted samples are shown for c-ZnO in Fig. 4.6 and for c-GaN in Fig. 4.7 for
excitation below (a) and above (b) the bandgap. For both excitation energies and materials, the
E
(2)
2 mode is independent of the tilting angle θ as expected. For excitation below the bandgap,
the quasiTO mode arises for θ > 0◦ and redshifts with increasing θ. The 1LO peak shows quasiLO
behaviour by shifting to higher energies than the A1(LO) energy with increasing tilting angle.
On the contrary, the peak position of the 1LO line does not shift for excitation at λexc = 325 nm.
The quasiTO mode was not observed for excitation above the bandgap due to its low intensity.
Equivalent measurements were carried out for a c-plane InN thin ﬁlm for excitation at λexc =
532 nm and are shown in Fig. 4.8. Excitation below the bandgap of this material was not
possible due to its small bandgap. Only a very weak intensity of the 1LO peak was observed
for an excitation power low enough to prevent high-excitation eﬀects (cf. section 5.2), other
phonon modes of InN are not found in the small spectral range covered by the CCD detector at
λexc = 532 nm. This made it necessary to introduce stray light from an argon spectral lamp into
the setup in order to record spectrally ﬁxed reference lines simultaneously to the Raman signal.
Thereby, line shifting due to thermal drift (cf. [52]†) can be corrected. The spectra in Fig. 4.8
have been aligned according to the strong argon lamp peak at 597 cm−1. Note that the intensity
of the argon lamp lines is stronger in the 60◦ spectrum than in the 0◦ one which is why the
weaker argon lamp lines are not observed for the latter spectrum. The parameters of the model
function for the 1LO peaks were chosen identical for both spectra. Thus, the good match of the
model function to the experimental spectra indicates the independence of the spectral position
of the 1LO line from the tilting angle also for InN.
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Figure 4.7.: Parallel polarized Raman spectra of a c-plane GaN single crystal with the surface
normal tilted relatively to the optical beam path by the given angle θ. (a) Excited
at λexc = 532 nm, plotted with logarithmic intensity scale; (b) excited at λexc =
325 nm, plotted with linear intensity scale. The dashed line indicates the 1LO peak
position for θ = 0◦. The spectra have been shifted vertically for clarity.
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Figure 4.8.: Parallel polarized Raman spectra of a c-plane InN thin ﬁlm with the surface normal
tilted relatively to the optical beam path by the given angle θ excited at λexc =
532 nm. The short-dashed lines indicate Voigt functions used to approximate peaks
due to the argon lamp, the long-dashed lines indicate the approximation of the InN
1LO peak and the solid lines represent the sum of both. The spectra have been
shifted vertically for clarity.
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Figure 4.9.: Parallel polarized Raman spectra of an m-plane ZnO single crystal with the surface
normal tilted relatively to the optical beam path by the given angle θ excited at
λexc = 325 nm. The polarization was perpendicular to the c-axis. The dashed line
indicates the 1LO peak position for θ = 0◦. The spectra have been shifted vertically
for clarity.
Other crystal cuts were investigated in the same manner, but only for ZnO due to availability
of suitable samples. Spectra for m-plane ZnO are shown in Fig. 4.9. The polarization was chosen
perpendicular to the c-axis and thereby parallel to the tilting axis to simultaneously measure the
E
(2)
2 mode and to avoid possible eﬀects due to tilting of the c-axis relative to the polarization
direction. Also for this sample, no shifting of the E(2)2 and 1LO peaks are observed.
In Fig. 4.10, spectra of r-plane ZnO are shown. For this crystal cut, tilting in the two directions
has a diﬀerent impact on the scattering geometry. The angle between c-axis and light propagation
direction ki can either be increased (denoted as positive θ) or decreased (denoted as negative θ).
As a result, shifting of the quasi-modes in opposite directions is observed for λexc = 532 nm in
Fig. 4.10a. For λexc = 325 nm, the 1LO peak is observed at 573 cm−1 between the two values
given in Tab. 4.2. It does not shift with the tilting angle.
Doped samples
In order to investigate the inﬂuence of defects on the 1LO line, Raman spectra of ZnO thin ﬁlms
intentionally doped with aluminium were studied. From experiments with diﬀerently doped ZnO
samples, essentially identical results were found. Thus, the data presented here for aluminium-
doped samples can be regarded as representative for ZnO samples with increased impurity density.
The spectra of the aluminium-doped samples are compared to such of unintentionally doped
ZnO thin ﬁlms (shortly referred to as “undoped” in the following) grown with identical growth
parameters to rule out any inﬂuence of the growth mechanism. However, no signiﬁcant diﬀerences
were observed between single crystals and the undoped thin ﬁlms.
Raman spectra of doped and undoped ZnO thin ﬁlms with two diﬀerent orientations are shown
in Fig. 4.11. For both samples, the broadening of the 1LO line and its integrated intensity are
increased for the doped sample. Further, it is blueshifted relative to the undoped sample from
569 cm−1 to 572 cm−1 for the c-plane ﬁlms and redshifted for the a-plane ﬁlms from 580 cm−1
to 577 cm−1. Consequently, the 1LO peak position of the doped ﬁlms does not change with
the ﬁlm orientation as much as for the undoped ones, but still shows a diﬀerence. In the cross
polarized conﬁguration shown in Fig. 4.12, this diﬀerence almost completely vanishes. Here, the
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Figure 4.10.: Parallel polarized Raman spectra of an r-plane ZnO single crystal with the surface
normal tilted relatively to the optical beam path by the given angle θ. A positive
tilting angle denotes a tilt of the c-axis away from the optical beam path, i.e.
increasing the angle between ki and c. The polarization was perpendicular to the
c-axis. (a) Excited at λexc = 532 nm, plotted with logarithmic intensity scale; (b)
excited at λexc = 325 nm, plotted with linear intensity scale. The dashed lines in
(a) indicate the shift of the quasi-modes with the tilting angle and the 1LO peak
position for θ = 45◦ in (b). The spectra have been shifted vertically for clarity.
1LO peaks are observed at 575 cm−1 for the c-plane and at 576 cm−1 for the a-plane sample,
respectively.
Additionally to the comparison between highly doped and undoped samples, a sample series
with dopant concentrations in the PLD target varying over four orders of magnitude were studied.
The acquired Raman spectra are shown in Fig. 4.13. The parallel polarized spectra in Fig. 4.13a
do not show a signiﬁcant diﬀerence between the two samples with the lowest doping concentration
(0.001 at-% and 0.01 at-% aluminium in the target). For 0.1 at-% aluminium in the target,
the 1LO peak becomes asymmetrically broadened towards the high energy side with a slightly
increased integrated intensity. The sample with a dopant concentration of 1 at-% shows the
increased intensity and blueshift of the 1LO line as observed before. In the cross polarized
spectra in Fig. 4.13b, a slight increase in 1LO intensity can already be observed for the two
samples with the lowest dopant concentration and becomes more pronounced for higher doping
concentrations. The peak position does not show a dependence on the dopant concentration (cf.
also Fig. 4.16).
The calculated Raman spectrum of the 1LO line for elastic scattering by point defects is
shown in Fig. 4.14a together with the spectra for elastic scattering at two diﬀerent surfaces.
The intensity maximum is situated at 578 cm−1, thus between those for elastic scattering at the
c-plane (571 cm−1) and at a surface parallel to the c-axis (582 cm−1), closer to the latter one.
Similarly, the peak in the experimental cross polarized spectrum in Fig. 4.14b is closer to that
for the a-plane than for the c-plane sample.
Polarization dependence
Raman spectra of GaN and ZnO, excited on the c-plane at λexc = 325 nm, in parallel and cross
polarized conﬁguration are compared in Fig. 4.15. For both materials, the 1LO peak can be
observed also in the cross polarized spectra, but with a very weak intensity compared to the
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Figure 4.11.: Parallel polarized Raman spectra of (a) c-plane and (b) a-plane unintentionally
doped (grey) and intentionally aluminium-doped (black) ZnO thin ﬁlms excited at
λexc = 325 nm.
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Figure 4.12.: Cross polarized Raman spectra of intentionally aluminium-doped c-plane (black)
and a-plane (grey) ZnO thin ﬁlms excited at λexc = 325 nm.
respective parallel polarized spectra. Further, the 1LO peak is signiﬁcantly blueshifted for the
cross polarized conﬁguration.
For the investigation of the impact of doping on the 1LO peak in the cross polarized conﬁgur-
ation, such spectra were recorded for the same doped and undoped samples used in Fig. 4.11a
and are presented in Fig. 4.16. In this conﬁguration, the 1LO peak appears at the same spectral
position for both samples. The intensity ratio between the 1LO peaks of the two samples is
larger than for the parallel polarized conﬁguration. This analogously means that the intensity
ratio for the 1LO peak between parallel and cross polarized conﬁguration is decreased for the
doped sample in comparison to the undoped one.
4.3.2. Discussion
Two main features were observed for the normal incidence measurements of the single crystal
samples: a redshift of the 1LO line relative to the Γ-point phonon energy and a dependence
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Figure 4.13.: (a) Parallel polarized and (b) cross polarized Raman spectra of c-plane inten-
tionally aluminium-doped ZnO thin ﬁlms excited at λexc = 325 nm. Aluminium
concentrations in the PLD target were varied between 0.001 at-% (lightest line)
and 1 at-% (darkest line) in steps of one order of magnitude. The dashed line in
(b) is a guide to the eye. The spectra in (a) have been shifted vertically for clarity.
The range of the intensity scale in (a) is ﬁve times of that used in (b).
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Figure 4.14.: (a) Calculated Raman spectra of the 1LO line of ZnO for elastic scattering at the
c-plane (light grey) and at a surface perpendicular to the c-plane (dark grey), and
at point defects (black). (b) Parallel polarized experimental Raman spectra of the
1LO line of undoped ZnO thin ﬁlms excited on the c-plane (light grey) and a-plane
(dark grey), and cross polarized Raman spectrum of the 1LO line of doped c-ZnO
(black line). All data for λexc = 325 nm.
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Figure 4.15.: Parallel (black) and cross polarized (grey) Raman spectra of c-plane (a) GaN and
(b) ZnO single crystals excited at λexc = 325 nm. The dashed lines indicate the
1LO peak positions for the parallel polarized conﬁguration. The photoluminescence
background, which occurred for the GaN samples, has been subtracted and the
spectra have been shifted vertically for clarity.
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Figure 4.16.: Cross polarized Raman spectra of an unintentionally doped (grey) and an inten-
tionally aluminium-doped (black) c-plane ZnO thin excited at λexc = 532 nm. The
spectra have been shifted vertically for clarity.
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of its spectral position on the crystallographic orientation of the excited surface. The redshift
might be explained qualitatively by both a process involving an elastic scattering process, either
at point defects or the surface, or wave vector broadening due to absorption. Quantitatively,
the model involving elastic scattering matches the experimental data better than those obtained
for the eﬀect of the absorption (see Tab. 4.3). However, particularly for the comparison to
the E1(LO) mode of GaN, there are strong deviations between theory and experiment for both
models. This is probably due to the not very precisely known phonon dispersion for GaN. Thus,
these calculations can be assessed to be a strong hint that photon absorption does not cause the
observed redshift, but not to be a full evidence.
The spectral position of the 1LO peak clearly depends on the crystallographic orientation of
the excited surface, in agreement to prediction 1a of section 4.1.3. Such a dependence was also
reported before by several authors for ZnO [19,20] and InN [21,63]. No reports on this for GaN are
available. Davydov et al. [21, 22] use the double resonance model of Martin [50], as also applied
in the model presented here, for the description of the underlying scattering mechanism, but only
considered impurities as cause for the elastic scattering. This is in disagreement with several
experimental ﬁndings. The observed orientation dependence of the 1LO peak cannot be explained
by their model as the wave vector of the state into the exciton is scattered at an impurity is only
determined by the impurity itself. As deliberated in section 1.3.3, the propagation direction of
the involved photons is small against the phonon wave vector and therefore cannot determine
its propagation direction and thus its energy. Further, the observation of the 1LO line also for
crystals of very high purity would not be expected based on this model.
Alarcón-Lladó et al. investigated four diﬀerent crystal cuts of ZnO excited at λexc = 325 nm
which showed roughly the behaviour described by Eq. (1.2). From that they implied that the ori-
entational dependence has the same cause as for excitation below the bandgap. For a distinction
between this and the model introduced here, experiments with oblique scattering geometries are
required, which the authors did not present. Such measurements done here clearly show that the
spectral position of the 1LO line is independent of the sample tilt for all wurtzite materials and
crystal cuts under investigation, in contradiction to the assumption of Alarcón-Lladó et al.. In
contrast, the observed behaviour is expected according to the model introduced here (prediction
3a of section 4.1.3).
The increased intensity of the 1LO line for doped samples, which complies with prediction
2b, indicates that impurity-related scattering occurs as an additional process contributing to the
total 1LO scattering intensity. It shows the expected independence from the crystallographic
orientation of the excited surface (prediction 2a). Thus, 1LO scattering by impurities indeed
plays a role as assumed e.g. by Davydov et al. [21], but only in samples with a suﬃcient defect
concentration. For the PLD-grown samples investigated here, a dopant concentration in the
target above 0.01 at-% (but less then 0.1 at-%), i.e. roughly 1 × 1019 cm−3, appears to be
required for this process to become observable. Davydov et al. also observed an increasing 1LO
intensity and a blueshift of this line with the introduction of magnesium into their c-plane InN
samples [21,22]. The Raman spectra of the doping series investigated by them [22] nicely show the
development of the additional contribution of the impurity-related mode with increasing dopant
concentration. For this material system, the threshold, above which the i1LO contribution can
be observed, appears to be below 6 × 1018 cm−3, smaller than observed here for ZnO, but of the
same order.
The experimental results further conﬁrm the postulated polarization properties. The intens-
ity of the 1LO peak of high quality crystals in the cross polarized spectra is very weak (see
Fig. 4.15) in agreement to prediction 1b and becomes larger with increasing dopant concen-
tration (see. Fig. 4.13). Its increase with incorporation of impurities is stronger in the cross
polarized than in the parallel polarized conﬁguration as predicted by 2c. A slight deviation
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between the spectral positions of the 1LO peaks for the two diﬀerently oriented samples was
observed in Fig. 4.16. These would be expected to appear at the same Raman shift according
to prediction 3b. This deviation might be due to a small inﬂuence of the stronger, not fully
extinguished s1LO contribution. Nevertheless, the diﬀerence between the 1LO peak positions for
the diﬀerent orientations is strongly reduced in the cross polarized spectra. Also, the 1LO line
of undoped samples appears at the same position as for the doped samples in this polarization
conﬁguration in consistence with prediction 1c.
As the postulated polarization properties of the diﬀerent scattering mechanisms are in agree-
ment to the experiment, these mechanisms can be distinguished through polarization analysis. In
the parallel polarized spectra of highly pure samples, mainly the s1LO mode is observed. Thus,
the values given in Tab. 4.2 can be assigned to the energies of the s1LO(A) and s1LO(E) mode
for the surface orientation parallel and perpendicular to the c-axis, respectively. For samples with
a relevant concentration of incorporated defects, this s1LO mode cannot be observed exclusively
as the additional i1LO mode is observed for all scattering geometries. This superposition of both
modes results in an observed 1LO peak situated between s1LO(A) and s1LO(E) energy (see
Fig. 4.11). In the cross polarized conﬁguration, only the i1LO mode is observed. For ZnO, it
has an energy of approximately 575.5 cm−1.
In the literature, only few reports presenting a polarization dependence of the 1LO line can
be found, all of which deal with c-InN [63, 80, 98]. The cross polarized spectra in all these
publications show a larger Raman shift of the 1LO line than the parallel polarized spectra,
in agreement with the expectations of the model presented here. However, this fact was not
mentioned and discussed by the authors.
These polarization properties can be further used to relate the spectra for the diﬀerent polar-
ization conﬁgurations. The properties of the scattering mechanism involving point defects are
not expected to depend on the defect concentration. Thus the contribution of this mechanism to
the 1LO line in the parallel polarized conﬁguration must be proportional to the 1LO intensity.
This was veriﬁed for the samples of the doping series. For that, the area A⊥ of the 1LO peaks in
the cross polarized spectra was determined by approximation with Voigt functions. The spectra
for the parallel polarized conﬁguration were then calculated from the theoretical spectra using
the equation
I‖(ν¯) = Is1LO(ν¯) + A⊥ · x · Ii1LO(ν¯) (4.2)
with the theoretical 1LO intensities Is1LO(ν¯) and Ii1LO(ν¯) and an emperical factor x. The value
of x depends on the unknown degree of polarization of the i1LO mode. It was varied so that the
intensity ratio between the samples with the lowest and highest doping concentration matches
the experimental values. Using functions Is1LO and Ii1LO normalized to their maximum value,
the factor x = 2.2 was obtained.
The resulting calculated spectra are compared to the respective experimental spectra in
Fig. 4.17. For the sample with 0.1 at-% aluminium in the PLD target, the asymmetric broaden-
ing is qualitatively reproduced in the theoretical data. The 1LO line in the calculated spectra
shifts from 572.2 cm−1 to 575.0 cm−1 from the lowest to the highest doping concentration. Ex-
perimentally, a shift from 568.8 cm−1 to 571.8 cm−1 is found. Thus, the blueshift caused by the
incorporation of point defects is nicely reproduced by the model.
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Figure 4.17.: (a) Calculated and (b) experimental parallel polarized Raman spectra for c-plane
ZnO ﬁlms with aluminium concentrations in the PLD targets of 1 at-% (black),
0.1 at-% (dark grey) and 0.001 at-% (light grey).
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5. Screening by charge carriers
In this chapter, the inﬂuence of charge carriers on the energy of LO phonons participating in
the Raman scattering excited above the bandgap is discussed. Two cases are considered: charge
carriers present due to doping and such induced by the optical excitation itself.
In general, this theory, which originally was developed for GaAs, may be applied to any mater-
ial for which Raman scattering by LO phonons with large wave vectors is observed, particularly
for the wurtzite semiconductors discussed here. For the quantitative analysis in the present work,
only ZnO was investigated, primarily due to the availability of samples with deﬁned dopant con-
centrations grown at the Semiconductor Physics group of Universität Leipzig. Further, with
the available excitation laser at λexc = 325 nm, GaN shows a strong photoluminescence at the
spectral region of the 2LO line due to its larger bandgap and higher LO phonon energy compared
to ZnO, preventing also to study the inﬂuence of the excitation power density on the 2LO line.
This problem could be avoided by carrying out the measurements at low temperatures. However,
then the window of the cryostat increases the spot size on the sample [99] and thus the maximum
excitation power density.
5.1. Theory
For the simulation of spectra, the 2LO lines were chosen for two reasons. On the one hand,
the 1LO line requires an additional elastic scattering process. As described in chapter 4, the
introduction of dopants increases the contribution of the elastic scattering at point defects causing
a spectral shift also without the inﬂuence of the charge carriers. This problem does not occur for
the 2LO line. On the other hand, due to wave vector conservation, the sum of the wave vectors of
the two LO phonons participating in the scattering process must be close to zero. Consequently,
the absolute value of the wave vectors of the two involved phonons can be assumed to be identical,
which simpliﬁes the calculations compared to higher order lines.
The calculations are based on the theory introduced in section 1.4.2. Equal to the approach
in section 4.2, the electronic system was treated as isotropic while the anisotropy of the phonon
modes was taken into account. The energy of the phonons participating in the scattering process
was taken from Tab. 4.2 as an approximation. Due to the exciton dispersion, phonons with a
smaller wave vector can be expected to participate in the 2LO scattering process, which thus
have a slightly higher energy. The other values used for the calculations are identical to those in
Tab. 4.1.
For all calculations, a discrete absolute value for q was used. The Raman intensity for a
single LO phonon of this wave vector under the inﬂuence of a certain charge carrier density n is
calculated in dependence on the spectral position. Subsequently, the energy scale was doubled
as two phonons with almost identical properties must be involved in the process.
Raman spectra of the 2LO line of c-plane ZnO exemplarily calculated for q = 1.1 × 107 cm−1
are shown in Fig. 5.1. The intensity maximum approximates a Raman shift of 1151.8 cm−1
as the charge carrier concentration approaches zero. For charge carrier concentrations up to
1 × 1017 cm−3, only slight variations of the spectral position of the peak are observed. For higher
concentrations, the 2LO line shifts towards lower energies in agreement with the expectations
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Figure 5.1.: Calculated Raman spectra of the 2LO line for q = 1.1 × 107 cm−1 for diﬀerent free
charge carrier concentrations as given in the legend in cm−3.
from theory and the ﬁndings in the literature for GaAs [23, 24]. In the following, the peak
positions were determined by an approximation with a Voigt curve. These match the calculated
spectra very well for moderate shifts as in Fig. 5.1. For larger shifts (over 50 cm−1), the calculated
peaks become asymetric, but yet were also approximated by the Voigt function to preserve
comparability between the results. Thus, for these examples, the obtained peak position is not
equal to the intensity maximum. All samples discussed experimentally (see section 5.2) show a
smaller shift and thus no asymmetry.
The wave vector dependence of the 2LO position for a selected charge carrier concentration
of n = 3 × 1017 cm−3 is depicted in Fig. 5.2. The phonon dispersion was neglected so that
only the charge carrier screening aﬀects the peak position. For the smallest wave vector, the
2LO peak is calculated at a Raman shift larger than for the intrinsic material. At this point,
the LO energy is dominated by the phonon-plasmon coupling and mainly the LPP+ branch is
observed. At q = 6 × 106 cm−1, a minimum in the energy is obtained, i.e. here the LPP+
branch is overdamped and the energy of the LO mode is determined by the LPP− branch.
For q = 4 × 106 cm−1, a mixture of both is observed. For larger wave vectors, the LO energy
approaches that of the LO phonons of an intrinsic sample, in agreement with the literature [23].
Figure 5.3 depicts the dependence of the calculated 2LO position on the charge carrier con-
centration for various values of q. For the smallest value of the wave vector, the energy increases
with increasing charge carrier concentration similarly to the LPP+ mode at q = 0. For larger
wave vectors, a redshift of the 2LO line with increasing charge carrier concentration is observed.
That means that for n = 3 × 1017 cm−3, the observed 2LO line energy is dominated by the LPP−
branch for phonon wave vectors q  3 × 106 cm−1. This is in very good agreement to the expecta-
tions from the relation in Eq. (1.27) which predicts a critical wave vector of qcrit = 2.4 × 106 cm−1
for the used parameters.
5.2. Experiment
Aluminium-doped c-plane ZnO thin ﬁlms with varying dopant concentration were studied to
investigate the eﬀect of charge carriers present without optical excitation. These samples are
identical to the doping series investigated in chapter 4. The charge carrier concentration was
determined by means of Hall measurements by Kerstin Brachwitz. All samples are n-type with
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Figure 5.2.: Intensity maximum of the calculated 2LO line for n = 3 × 1017 cm−3 in dependence
on the absolute value of the wave vector q. The dashed line marks the peak energy
if no charge carriers are considered.
 
 
 
 
 
 
 
  
 
 
 
 






	






   


 
 
 
 
 
 
 
 
  
  	
  

  
  


 
Figure 5.3.: Intensity maximum of the calculated 2LO line in dependence on the charge carrier
concentration n for q = 2 × 106 cm−1 (blue) to q = 2 × 107 cm−1 (red) in steps
of 2 × 106 cm−1. (a) Overview over the whole energy range. The data points are
connected by spline curves. The dashed line depicts the LPP+ mode at q = 0.
(b) Magniﬁed view of (a) in the spectral range in which the 2LO peak is observed
experimentally. Data points are connected by straight lines as guide to the eye.
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Figure 5.4.: Experimental Raman spectra of aluminium-doped c-plane ZnO thin ﬁlms with elec-
tron concentrations given in the legend, excited at λexc = 325 nm. A linear back-
ground due to luminescence has been subtracted and the spectra have been shifted
vertically for clarity.
electron concentrations ranging from 5 × 1016 cm−3 to 4.5 × 1017 cm−3. Experimental Raman
spectra of these four samples in the spectral range around the 2LO peak are shown in Fig. 5.4. In
order to minimize the inﬂuence of optically excited charge carriers, the laser power was attenuated
by two orders of magnitude. The spectra show a redshift of the 2LO lines with increasing charge
carrier concentration as expected from the general calculations discussed above. For the lowest
electron concentration, the 2LO peak is observed at 1153.4 cm−1 and therewith at a larger
Raman shift than the low charge carrier limit of 1151.8 cm−1 obtained in the calculations. This
discrepancy is expected, because for the calculations the experimental values for the 1LO lines
were used as input, which originate from phonons with a larger wave vector and therewith lower
energy. The observed experimental peak positions are summarized in Tab. 5.1.
The experimentally observed dependency on the charge carrier concentration was reproduced
well by the theoretical calculations. For this, only the phonon wave vector was varied in order
to obtain the best match between experimental and theoretical data. This was achieved for
q = 1.1 × 107 cm−1, which is very close to the value expected due to the exciton dispersion
and the results of the calculations in chapter 4 (cf. Fig. 4.2). As mentioned above, for the
2LO process phonons with smaller wave vectors are expected to dominantly participate in the
scattering process, in agreement with the found value. In Tab. 5.1, the shifts relative to the
sample with the lowest doping concentration from experiment and theory are compared. A good
agreement between both data sets is found, indicating the validity of the model for the 2LO line
in ZnO excited above the bandgap.
The inﬂuence of additional optically excited charge carriers was investigated by increasing
the excitation power. Representative spectra of a ZnO:Al thin ﬁlm are shown in Fig. 5.5. A
further increasing redshift with increasing laser intensity, and therewith increasing charge carrier
concentration, is observed.
For a simulation of the additional optically excited charge carriers, a linear dependence between
excitation power and free charge carrier concentration in the sample was assumed. The values
shown in Fig. 5.6 were obtained for concentrations of n = n0 + 5 × 1017 cm−3P/P0, where n0
is the charge carrier concentration without optical excitation and P0 = 9.7mW the maximally
obtained excitation power on the sample, yielding an approximate power density of 1MWcm−2
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Table 5.1.: Comparison of the centers of experimental and calculated 2LO lines of ZnO thin ﬁlms,
with the electron concentration given in cm−3, excited at λexc = 325 nm. Spectral
positions and relative shifts are given in cm−1.
5 × 1016 9 × 1016 1.6 × 1017 4.5 × 1017
Experiment (absolute) 1153.4 1153 1151.1 1146
Experiment (relative) 0 0.4 2.3 7.4
Theory (relative) 0 0.7 2 7.3
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Figure 5.5.: Raman spectra of c-plane ZnO thin ﬁlm with an electron concentration of
4.5 × 1017 cm−3 for diﬀerent excitation power densities. The dashed line indicates
the peak position at the lowest excitation power. A linear background due to lumin-
escence has been subtracted from the spectra, they have been scaled by the inverse
of the excitation power and shifted vertically for clarity.
on the sample using the microscope objective. The calculated peak positions qualitatively show
the same behaviour as the experimental data and also quantitatively match well. Only for the
highest excitation power, the calculated shifts are too large compared to the experiment for
the three samples with lower intrinsic electron concentrations. Several explanations are possible
for that. The increase of charge carrier concentration due to optical excitation may have been
chosen too large. However, decreasing this value would result in a worse match for all other data
points. Further, the assumption of the linear correlation between charge carrier concentration
and excitation power density might be oversimplifying. Particularly at high power densities,
the optically excited charge carriers can cause an electric ﬁeld resulting in a drift of the charge
carriers out of the excitation spot and thereby to a reduction of the observed charge carrier
concentration.
The excitation power density also inﬂuences the spectral position of the 1LO line. This is
shown for the thin ﬁlm sample with 0.001 at-% aluminium in the PLD target, which shows
similar similar results as undoped samples. These spectra exhibit a shift of ca. 4 cm−1 between
the highest and lowest excitation power. The same relative shift is observed for samples with
higher doping concentrations.
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Figure 5.6.: Shift of the 2LO peak position relative to that of the sample with n = 5 × 106 cm−3
excited with an excitation power density of 10 kWcm−2. Experimental data are
depicted as symbols, theoretical data as lines.
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Figure 5.7.: Experimental Raman spectra of a c-plane ZnO thin ﬁlm (0.001 at-% aluminium in
the PLD target), excited at λexc = 325 nm. The dashed line indicates the position of
the E(2)2 mode, the dotted line indicates the position of the 1LO peak at the lowest
excitation power. A constant background due to the dark current of the detector
was subtracted from the spectra.
62
Chapter 5. Screening by charge carriers 5.2. Experiment
        
   

   

   

   

 
 





	











	

	
	


   

   

Figure 5.8.: Experimental Raman spectra of a GaN single crystal, excited at λexc = 325 nm. The
dashed line indicates the position of the E(2)2 mode, the dotted line indicates the
position of the 1LO peak at the lowest excitation power. A constant background
due to the dark current of the detector was subtracted from the spectra.
Alim et al. [81,82] observed a similar redshift of the 1LO line for high excitation powers. They
ascribed this eﬀect to heating in their samples, which is reasonable due to the nanocrystalline
nature of their samples. However, for the measurements presented here, heating eﬀects can
be excluded. According to Cuscó et al. [61], the energies of the E(2)2 exhibit a temperature
dependence of dν¯/dT = 1.3 × 10−2 cm−1 K−1. Although this temperature dependence is smaller
than that reported for the LO modes (A1(LO): dν¯/dT = 2.3 × 10−2 cm−1 K−1, E1(LO): dν¯/dT =
2.3 × 10−2 cm−1 K−1), heating would also cause an observable redshift of the E(2)2 line. Figure 5.7
clearly shows that this is not the case. Further, anti-Stokes measurements (cf. appendix A) yield
sample temperatures close to room-temperature, also for excitation power densities for which
a redshift is observed. It is noteworthy that Alim et al. observe the 1LO peak at 574 cm−1
for a-plane ZnO at an excitation power of 20mW, comparable to P0 used here. For a-plane
single crystals, the s1LO(E) is the dominant contribution (see chapter 4), which is expected to
result in a 1LO peak position at 579 cm−1. Thus, this peak is probably also aﬀected by photo-
excited charge carriers. Unfortunately, Alim et al. only showed excitation power dependent
measurements for their quantum dot samples.
As mentioned above, GaN exhibits a strong luminescence in the spectral region of the 2LO
line, strongly superimposing this Raman scattering signal. Therefore, no quantitative analysis is
given for this mode. Nevertheless, for the 1LO line the same eﬀect as for ZnO was observed (see
Fig. 5.8). A similar eﬀect was found by Chen et al. [83] for nanocrystalline samples. They also
ascribed this observation to heating of their samples. From the data they presented, it cannot be
judged if screening due to photo-excited charge carriers is also partially or fully responsible for
the redshift of the 1LO line. Also InN excited at λexc = 532 nm (not shown) exhibits a redshift of
the 1LO line with increasing laser power. The physical origin for these observations is assumed
to be the same as for ZnO, but were not veriﬁed quantitatively here for the given reasons.
63

6. Application: Probing surface properties
of ZnO
The ZnO surface is known to exhibit a surface charge layer if heat-treated under vacuum [29,30].
The extension of this charge layer was determined to be only a few nanometer, situated directly at
the surface [28]. Due to this strong localization, bulk properties of the crystal are not signiﬁcantly
changed by the occurrence of such an accumulation layer at the surface. Oppositely, it strongly
changes the conditions at the surface. As shown in chapter 4, a surface-related scattering process
is fundamentally involved in the 1LO Raman scattering in ZnO excited above the bandgap.
Therefore, an inﬂuence of the presence of a surface charge accumulation on the 1LO line seems
natural.
In this chapter, the sensitivity of the 1LO line on the surface charges is investigated. Partic-
ularly, in section 6.1 the impact on the formation of a surface charge layer on the spectra are
discussed together with the inﬂuence of the ambient atmosphere on the surface. In section 6.2,
the observation of the 1LO line shifting with the illumination time will be studied.
6.1. Probing surface charge layers in dependence on the
atmosphere
In order to investigate the inﬂuence of the atmosphere around the sample on its surface properties,
the samples were mounted into a gas cell, which could then be ﬂushed with the desired gas. Here,
the comparison between an oxygen-rich (ambient air, pure oxygen) and an oxygen-poor (nitrogen,
vacuum) atmosphere is discussed.
Spectra of the 2LO line of an unintentionally doped ZnO thin ﬁlm are shown in Fig. 6.1.
The luminescence intensity increases under nitrogen atmosphere as can be seen in Fig. 6.1a,
while the 2LO intensity is decreased. This luminescence background has been subtracted in
Fig. 6.1b to simplify a comparison between both 2LO lines. This graph shows that there is no
diﬀerence in the spectral position or line shape of the 2LO line between the diﬀerent ambient
conditions. Considering the sensitivity of the spectral position of the 2LO line on the charge
carrier concentration (see chapter 5), this indicates that the bulk charge carrier concentration in
the sample is not aﬀected by the ambient conditions.
The spectra exhibit a diﬀerent behaviour for the 1LO line as can be seen from Fig. 6.2. The
unintentionally doped ZnO ﬁlm in Fig. 6.2a shows a strong redshift of about 5 cm−1 and a
decrease of the 1LO line intensity. However, the 1LO line of the strongly doped ZnO:Al thin
ﬁlm (1 at-% aluminium in the target) shows only an asymmetric broadening towards the lower
energy side and a smaller decrease in intensity, as can be seen from Fig. 6.2b.
These observations can be understood considering the fact that the 1LO line is engendered by
two diﬀerent processes. The scattering in the s1LO process takes place directly at the surface
of the sample and is thus only aﬀected by the conditions present at this surface. Consequently,
a redshift of the s1LO line, which is almost exclusively contributing to the 1LO line of the
unintentionally doped sample, can be explained by the presence of charge carriers conﬁned at the
surface which are locally screening the LO phonon (cf. chapter 5). As such a thin accumulation
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Figure 6.1.: Raman spectra of an unintentionally doped ZnO thin ﬁlm under ambient air (black
line) and under nitrogen atmosphere (grey line). (a) Raw data as measured. (b)
Spectra with the linear photoluminescence background subtracted and the nitrogen
spectrum scaled to match the intensity of the air spectrum.
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Figure 6.2.: Raman spectra of (a) an unintentionally doped ZnO thin ﬁlm and (b) a highly doped
ZnO:Al thin ﬁlm under ambient air (black line) and under nitrogen atmosphere (grey
line).
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Figure 6.3.: Raman spectra of a ZnO single crystal (Crystec, O-face) under ambient air (black
line) and under a pressure in the order of 1 × 10−5 mbar (grey line). The spectra
have been shifted vertically for clarity.
layer accounts for only a small part of the probed sample volume, the bulk-sensitive 2LO and i1LO
lines are only aﬀected marginally so that they appear unaﬀected. Consequently, the i1LO line
observed solitary in the cross polarized spectrum is unaﬀected by the atmosphere and observed
at 575 cm−1 as for the measurements conducted in air (not shown).
Several conclusions can be drawn from these ﬁndings. First, they corroborate the deviation
between surface- and point defect-related processes introduced in chapter 4. The sensitivity of
the s1LO line exclusively to the charge carrier concentration at the surface further allows to
study surface accumulation layers by Raman scattering. Obviously, such an accumulation layer
can be generated at the ZnO surface under nitrogen atmosphere, at least in presence of UV
illumination which is inevitable for the Raman measurements.
In order to test if the observed formation of the surface accumulation layer is due to the presence
of nitrogen or to the absence of oxygen or any other constituent of air, further experiments were
conducted. A comparison between ambient air conditions and vacuum (1 × 10−5 mbar) is shown
in Fig. 6.3, measured in the helium ﬂow cryostat at room temperature. The signal under vacuum
is much weaker, probably due to the adsorption of organic material at the sample surface. Besides
that, the 1LO line shows the same redshift as observed for nitrogen atmosphere, indicating that
the presence of nitrogen is not necessary for the formation of the surface accumulation layer.
Further, measurements under pure oxygen atmosphere carried out in the gas cell (not shown)
exhibited no diﬀerence to measurements in ambient air. In conclusion, the absence of oxygen
can be hold responsible for the formation of the surface accumulation layer.
As stated above, the formation of such surface accumulation layers in vacuum under the inﬂu-
ence of high temperatures is well-known. Dielectric passivation layers were introduced in order
to avoid their inﬂuence, e.g. on the performance of Schottky diodes [100]. Such a passivation
layer was also applied here to check if it is able to prevent the redshift of the 1LO line. After
the deposition of a PLD-grown ZnO thin ﬁlm, this sample was cooled under oxygen atmosphere
(p = 800mbar) to room temperature. Then, a thin (1,000 pulses, corresponding to approximately
20 nm), amorphous Al2O3 layer was deposited on top. A reference sample prepared identically,
but without the passivation layer, showed the behaviour of other unpassivated ZnO samples as
discussed above.
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Figure 6.4.: Raman spectra of a passivated c-plane ZnO thin ﬁlm under ambient air (black line)
and under nitrogen atmosphere (grey line). The spectra have been shifted vertically
for clarity.
The Raman spectra for the passivated sample do not show any shift of the 1LO line between
air and nitrogen ambiance as can be seen in Fig. 6.4. The same behaviour is observed under
reduced pressure (not shown). Conclusively, the applied passivation ﬁlm indeed prevents the
1LO line from redshifting by inhibiting the formation of the electron accumulation layer at the
surface. Thus, Raman spectroscopy under oxygen-poor atmosphere can easily be applied as a
fast method to test the eﬀectivity of such a passivation layer without modifying, e.g. contacting,
the sample.
Because the scattering mechanisms for the 1LO line of other wurztite semiconductors are
the same as for ZnO (cf. chapter 4), the impact of the atmosphere on the Raman spectra of
GaN was investigated as well. For this material, no surface charge layer is expected to occur
under oxygen-poor atmosphere. The obtained Raman spectra in Fig. 6.5 indeed do not show
any variation between the two diﬀerent atmospheres applied. Again, a reduced pressure yields
the same result (not shown). Thus, the redshift of the 1LO line under oxygen-poor atmosphere,
caused by surface charges, is a special material property of ZnO.
6.2. Illumination time dependency
At some point during the investigations of ZnO, a variation of the spectral position of the 1LO
line with the illumination time was observed. These observations were reproducible and found
for several diﬀerent samples back then, but unfortunately could not be reproduced for the same
or other ZnO samples approximately one year later. Thus, the origin causing this phenomenon
could not be determined. Nevertheless, these ﬁndings may be of great value for further studies
and thus are presented in the following.
Raman spectra of a c-plane single crystal in dependence on the illumination time are shown
in Fig. 6.6a. The 1LO line exhibits a clear redshift and increases in intensity with time, while
the spectral position of the non-polar E(2)2 mode is constant. During the ﬁrst approximately
25min of illumination, the 1LO line was found at 564 cm−1, while it would have been expected
at the position of the s1LO(A) line at approximately 570 cm−1 (cf. chapter 4), i.e. it was strongly
redshifted. After 25min, the 1LO line gradually shifted towards higher energies to approximately
569 cm−1 close to the value expected for the s1LO(A) line, where it remained independent of
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Figure 6.5.: Raman spectra of a c-plane GaN single crystal under ambient air (black line) and
under nitrogen atmosphere (grey line).
further illumination time. Changing the excitation spot position on the sample immediately
yielded again the strongly redshifted 1LO line, which then again shifted with time towards the
s1LO(A) energy.
This eﬀect was observed similarly for c-plane ZnO thin ﬁlms, but not for an m-plane single
crystal and a passivated ZnO thin ﬁlm. It appears to be very reasonable that the passivation
layer also prevents the changes in the material causing the shift of the 1LO line. However, it
cannot be excluded that the reason for the non-observation of this eﬀect for these samples is the
same as that causing the problem to reproduce these results at a later time.
A further interesting behaviour was found for a ZnO single crystal produced by Tokyo Denpa,
which was polished on both polar faces. The shift occurs much faster than observed for all other
c-plane samples and remains at diﬀerent values for the diﬀerent surface polarities as can be seen
from Fig. 6.7. For the Zn-face, the 1LO line reaches the expected value for the s1LO(A) while it
remains approximately 3 cm−1 below that for excitation on the O-face.
For all measurement times, the 2LO line appeared at a constant spectral position. This indic-
ates that only changes at the surface occur, resulting exclusively in a shift of the surface-sensitive
s1LO line, similarly to the eﬀect induced by the variation of the oxygen partial pressure in the
ambiance of the sample (see section 6.1). Unfortunately, due to the reproducibility problem,
no comparison to doped samples could be carried out. However, in cross polarized spectra (not
shown), no shift of the i1LO line was observed, similarly to the 2LO line. Thus, these ﬁndings
may be interpreted as the presence of a surface charge layer in the samples prior to the meas-
urement, which is slowly depleted by the UV illumination. Consequently, an initially present
surface charge layer appears to be necessary for the observation of a shift of the 1LO line with
illumination time. In recent measurements, the 1LO line was at the expected s1LO(A) position,
indicating the lack of such a surface charge layer.
With this assumption, the diﬀerences between the two polar faces of ZnO can be understood
such that the O-face exhibited a persistent surface charge layer, which could not be fully depleted,
while this layer vanishes completely after illumination at the Zn-face. The diﬀerences in time-
dependence as compared to the other samples might however be related to a diﬀerent initial state
of the surface, analogue to the absence of the surface charge layer observed later.
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Figure 6.6.: (a) Parallel polarized Raman spectra of a c-plane ZnO single crystal excited at
λexc = 325 nm in dependence on the illumination time indicated by the colour from
blue (start) to red (end). (b) Spectral position of the 1LO line in dependence on the
illumination time. The measurements were carried out in ambient air.
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Figure 6.7.: Dependence of the spectral position of the 1LO line of a c-plane single crystal polished
on both polar sides, for excitation at λexc = 325 nm. Excitation was carried out on
the Zn-face (black squares) and on the O-face (grey squares).
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7. Summary of Part III
In chapter 4, a model describing the mechanisms behind the 1LO Raman scattering in various
semiconductors with wurtzite structure excited above the bandgap was introduced. It was shown
to be consistent with all measurements presented here and found in the literature. The main
assertions of this model are the following:
• The 1LO scattering is dominated by a process involving an elastic scattering step breaking
momentum conservation, resulting in a decreased energy of the 1LO line with respect to
the Γ-point phonon energy due to a resonance with discrete exciton states.
• Two diﬀerent processes breaking the momentum conservation were observed: scattering
at the surface (s1LO), occurring for any sample, and scattering at point defects (i1LO),
requiring the presence of such to be observed.
• The two observed scattering processes can be distinguished by their spectral position, which
is determined by the spatial conﬁnement of the elastic scattering centre and the anisotropy
of the LO phonon energy in the wurtzite crystals.
• The processes can further be distinguished by their polarization properties: The 1LO line
resulting from a process involving elastic scattering at the surface is found in parallel polar-
ized spectra only while the process involving elastic scattering at point defects additionally
has a small cross polarized contribution.
• The spectral position of the 1LO line does depend on the crystallographic orientation of
the excited surface, as far as the s1LO contribution is observable.
• The spectral position of the 1LO line does not depend on a tilt of the sample relative to
the optical beam path.
Further, in chapter 5, the impact of charge carriers on the 1LO and 2LO lines for excitation
above the bandgap was studied mainly for ZnO. These charge carriers were either introduced
by doping or excited by the laser used for the Raman measurements. The obtained results are
summarized as follows:
• An increasing charge carrier concentration results in a shift of the LO lines towards lower
energies, opposite to the behaviour of the LPP+ modes observed for excitation below the
bandgap.
• The spectral position of the 2LO line of ZnO in dependence on the charge carrier con-
centration can be modelled well using the theoretical description originally introduced for
GaAs [8]. This indicates that the same physical origin, namely a screening of the mac-
roscopic electric ﬁeld by the present charge carriers, is responsible for the observed line
shift.
• An increasing excitation power density results in the same eﬀect as charge carriers intro-
duced by doping and can also be observed for the 1LO line. This eﬀect was found not only
for ZnO, but also for GaN and InN.
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• Heating as origin for the shift of the LO lines with increasing excitation power density was
excluded based on the spectral position of the E(2)2 mode and anti-Stokes measurements.
Finally, in chapter 6 a possible application making use of the results from both preceding
chapters was presented. This might make an investigation of surface charge accumulation layers
in ZnO based on Raman spectroscopy possible. The ﬁndings are summarized as follows:
• The surface-sensitive s1LO line was found to shift towards lower energies for measure-
ments in oxygen-poor atmosphere, similarly to the eﬀect of an increasing charge carrier
concentration.
• The i1LO and 2LO lines did not change their spectral position.
• This eﬀect could be prevented by the application of a thin passivation layer, similar to
those used for the improvement of electronic devices [100].
• In ambient air, an illumination time dependency of the 1LO line was found, which spectrally
shifted towards the position of the expected s1LO line with time. The 2LO line did not
exhibit such a shift.
• This shift may be interpreted as the depletion of an initially present surface charge accu-
mulation layer through the illumination by the exciting laser.
• This observed illumination time dependency could not be reproduced at a later point.
Finding the required conditions again enabling such observations can give valuable insight
on the ZnO surface.
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Part IV.
The (Ga,In,Al)2O3 system
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The sesquioxides of group-III metals have been studied with an increasing interest recently
[6,31–34,38,42–44,101–119]. This is due to the wide range of possible applications for this type
of materials, particularly for transparent electronics, high-power devices or UV photodetectors.
For such devices, typically the use of thin ﬁlms as active material is desired. Applying Raman
spectroscopy for the material characterization of the thin ﬁlms can give valuable information
about their crystalline quality or the composition of compounds. However, only very little in-
vestigations on such thin ﬁlms can be found in the literature, particularly due to the experimental
problem to achieve reasonable signal to noise ratios in the spectra. The use of an excitation at
λexc = 325 nm enables such investigations, partially facilitated by resonant enhancement.
For the understanding of experimental results obtained for alloy materials of the (Ga,In,Al)2O3,
the knowledge on the binary materials is crucial. Therefore, in chapter 8 samples of the binary
materials Ga2O3 and In2O3 are studied, whereby also gaps in the literature are ﬁlled. Binary
Al2O3 is well studied and technologically applied in a wide ﬁeld already. Thus, it will not be
discussed in detail here.
The large bandgap of Ga2O3 of 4.5 eV to 4.9 eV [104,120], depending on crystal growth method
and orientation, enables its application as active material in solar-blind photodetectors. Further,
the theoretical breakdown voltage of devices increases with the bandgap, making Ga2O3 also
interesting for high-power applications. Single crystals and thin ﬁlms of Ga2O3 already have
been widely studied in general [38,39,70,104,111–114,120–122]. The phonon modes of β-Ga2O3
were determined previously by means of Raman spectroscopy [38, 39] for ceramic and single
crystal samples as well as by IR spectroscopy [39] for single crystals. Also Raman scattering
studies on ensembles of Ga2O3 nanorods have been reported [123], but for thin ﬁlms no such
investigations were published yet. This is mainly due to the small scattering cross section of the
phonon modes of β-Ga2O3 resulting in Raman intensities too low to be measured in conventional
setups using excitation sources in the visible spectral range.
Because of the low symmetry of the monoclinic lattice, the Raman tensors for the phonon
modes β-Ga2O3 exhibit are rather complex, which thus exhibit complicated dependencies on the
scattering geometry. The knowledge of the individual Raman tensor elements allows to calculate
the expected intensity ratio from a known scattering geometry, or vice versa to determine the
in-plane orientation of the crystal from the Raman spectra. Further, from the Raman tensors
information on the symmetry properties of individual phonon modes may be gained and addi-
tionally from their dependence on the excitation energy, also inferences on electronic transitions
may be drawn. Therefore, the Raman tensor elements of single crystal β-Ga2O3 are investigated
here.
Indium oxide has been studied intensively as well, particularly in recent years. Several re-
ports on the Raman spectrum [6,35,40–44] can be found. However, in most of them, just a few
(typically ﬁve to seven) Raman modes were observed, while 22 phonon modes are expected from
group theory. Only Garcia-Domene et al. [6] found 16 distinct peaks in their Raman spectrum
which they assigned to 17 phonon modes based on theoretical calculations. However, the un-
oriented crystallytes in their powder samples did not allow to validate the phonon symmetries
based on the Raman selection rules. For this, single-crystalline samples like bulk single crystals
or epitaxially grown thin ﬁlms are required. Such ﬁlms can be grown by diﬀerent techniques on
yttria-stabilized zirconia (YSZ) substrates, whereby the In2O3 thin ﬁlm inherits the orientation
of the substrate [118,124].
In section section 8.2, such epitaxial In2O3 thin ﬁlms are investigated to experimentally de-
termine the symmetries of the phonon modes. Conventional excitation of such ﬁlms suﬀers from
the problems mentioned above: Low intensity and the observation of only a few phonon modes.
By choosing the excitation wavelength of λexc = 325 nm close to the optical energy of In2O3
(between 3.55 eV and 3.75 eV) [125, 126], resonant conditions are fulﬁlled, so that the scattering
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cross section is signiﬁcantly increased. By applying cryogenic temperatures (T = 10K), all 22
phonon modes are found experimentally, 21 of which also for thin ﬁlms [127]†. Further, the res-
onance behaviour is investigated by variation of the optical bandgap energy due to the applied
temperature in the range between T = 10K and room temperature.
Alloying of semiconductors is a convenient way to tune the bandgap or other properties towards
a desired value. Starting from β-Ga2O3, the bandgap can be decreased by alloying with In2O3
[128, 129]† or increased by substitution of Ga by Al (veriﬁed by ellipsometry and transmission
measurements). The β-modiﬁcation of Ga2O3 has been found to be the most stable in this
alloy system, allowing an indium concentration of up to 45 at-% [130, 131] and an aluminium
concentration between 61 at-% and 78 at-% [103,132,133] (depending on preparation technique
and conditions) to be incorporated on gallium sites. These alloy semiconductors (Ga,In)2O3 and
(Ga,Al)2O3 are subject of investigations in chapter 9.
Mainly powder or ceramic samples of the (Ga,In)2O3 compound have been investigated so
far [5, 130, 134–136] together with one report on crystals grown by chemical transport reaction
[131]. The technologically relevant thin ﬁlms have been studied to a lesser extend [31, 104, 116].
In particular, no reports on PLD-grown ﬁlms are available. The investigation of this alloy
semiconductor has mainly been concentrated on its structural properties characterized by means
of X-ray diﬀraction (XRD) [31,130,134–136]. In one publication, the phonon modes determined
by Raman spectroscopy from ceramic samples were presented [5], but were not compared to
XRD data.
The aforementioned gaps in the literature are ﬁlled here [137]†. Thin ﬁlms of (Ga,In)2O3 grown
by PLD are investigated by both XRD and Raman scattering spectroscopy and the results from
both techniques are compared. Further, ceramic samples are studied as reference synthesized in
equilibrium. The thin ﬁlm samples were deposited using a novel continuous composition spread
technique [37]. Thereby, a single sample contains a large composition range which can simply be
tuned through by varying the excitation spot position along the composition gradient. Besides
obvious advantages for the workﬂow, also the quality of the obtained data beneﬁts from this
technique. As all compositions are grown on one sample, variations due to diﬀerences in growth
conditions are reduced. Further, the step width in composition is not limited by the numbers
of samples grown but only by the lateral resolution of the Raman measurements. Thus, highly
comprehensive data sets are obtained.
The available literature on the (Ga,Al)2O3 compound is even more limited. Only a few reports
are available, mainly discussing the synthesis and observed phases of that alloy [101,102,132–134,
138]. Oshima et al. [103] also presented results on molecular beam epitaxy (MBE)-grown thin
ﬁlms. In section section 9.2, this system is studied analogously to the (Ga,In)2O3 compound.
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8.1. β-Ga2O3
8.1.1. Bulk-like samples
A ceramic sample of β-Ga2O3, sintered from 5N purity Ga2O3 powder, was investigated as bulk-
like, strain-free reference samples. Raman spectra of this sample, excited at λexc = 532 nm and
at λexc = 325 nm, are shown in Fig. 8.1. All phonon modes except the very weak B(3)g (see
Fig. 8.2) can be observed for these samples, but as in previous reports [39], the A(7)g and B(4)g
modes around ν¯ = 475 cm−1 cannot be separated from each other. The comparison between
both excitation energies exhibits obvious diﬀerences in the relative peak intensities. Particularly
the high-energy modes, which are rather weak for λexc = 532 nm, become much stronger for
λexc = 325 nm. That means they exhibit a resonant enhancement stronger than that for other
modes, already for an excitation energy approximately 1 eV below the bandgap. This behaviour
is of great beneﬁt for measurements of samples with low scattering volume and thus poor absolute
scattering intensity (cf. section 8.1.2)1. Besides the intensities, no signiﬁcant diﬀerences between
these two excitation energies are found, particularly not for the spectral position and broadening
of the Raman lines. Thus, for the following discussion of the phonon modes for the bulk-like
samples, results for λexc = 532 nm will be given representatively for both excitation energies.
The polycrystalline targets do not allow an assignment of phonon symmetries to the individual
modes and neither the separation of the two weak B(3)g and B(4)g modes. But for appropriate
scattering geometries applied to single crystalline samples this is possible. For backscattering
on the (010) surface, only modes with Ag symmetry are allowed independent of the applied
polarization conﬁguration. Oppositely, for a cross polarized conﬁguration with either one of the
light beams (incident or scattered) polarized parallel to the (010) direction, only the Bg modes
are allowed (cf. Tab. 3.7). This is essentially fulﬁlled by the spectra acquired from the available
single crystals which are shown in Fig. 8.2. Only very weak signals from the A(2)g , A(3)g , A(5)g and
A
(6)
g modes are observed in the x′(zy′)x spectrum, mainly due to the limited degree of linear
polarization of the incident laser light2. Similarly, Bg modes are also observed weakly in the
parallel polarized scattering conﬁgurations of the (2¯01)-oriented crystal. However, the intensities
of these forbidden modes are too high to be explained by the non-perfect degree of polarization of
the laser. Also the large numerical aperture of the microscope objective (NA ≈ 0.4) contributes
to the observation of the forbidden modes by softening the backscattering geometry, similar to
ﬁndings for other material systems [52]†, [139].
From the spectra, the phonon energies of all individual phonon modes could be obtained.
Particularly, a slight splitting of about 1.5 cm−1 between the A(7)g and the B(4)g mode was found,
which was not observable in previous investigations of Ga2O3 single crystals [39]. The phonon
1It is tempting to explain this observation by a spectral dependence of the sensitivity of the detection system.
Indeed, the used spectrometer gratings, which are assumed to exhibit the largest spectral dependence of all
optical elements used, feature a slight increase of reﬂectivity with increasing Raman (Stokes) shift. However,
according to reference data from the manufacturer (cf. [52]†) this can account for a maximum intensity increase
of only about 10%, much weaker than the observed eﬀect.
2The extinction of the Ag modes in this scattering conﬁguration is similar for the HeCd laser.
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Figure 8.1.: Parallel polarized Raman spectra of a ceramic Ga2O3 sample (PLD target), (a)
excited at λexc = 532 nm and (b) excited at λexc = 325 nm. The intensity drop-oﬀ
at the low energy side of the spectra results from the onset of the blocking range of
the respective applied long-pass ﬁlters. For the mode assignment, refer to Fig. 8.2.
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Figure 8.2.: Raman spectra of two Ga2O3 single crystals with diﬀerent orientations (upper spec-
trum: (010)-oriented, lower three spectra: (2¯01)-oriented) excited at λexc = 532 nm.
The scattering geometries are indicated at the right side of the spectra with z ‖ [010],
x ‖ [100], x′ ⊥ (2¯01), y′ ⊥ x′, z. The background due to the dark current of the
detector has been subtracted and the spectra have been shifted vertically for clarity.
78
Chapter 8. Binary materials 8.1. β-Ga2O3
mode energies and linewidths are summarized together with those for the ceramic samples and
the thin ﬁlms in Tab. 8.6 and Tab. 8.7, respectively, in the following section. The comparison
between the single crystals and the ceramic samples yields only marginal diﬀerences between both
sample types. This indicates a high purity and strain-free crystallization of the single crystals,
allowing to treat them as reference samples.
The measurements of single crystals further allow the determination of the Raman tensor
elements by comparison of the Raman intensities for the diﬀerent modes in various polarization
conﬁgurations. This was done for the two common orientations (010) and (2¯01), for which
single crystals were available. For the determination of the tensor elements, measurements in
dependence on the orientation of the direction of the linear polarization were carried out. As
described in section 2.1.2, the polarization of the incident and scattered light was rotated by
means of a λ/2-waveplate placed between beam splitter and objective. The waveplate was rotated
in steps of Δφ = 7.5◦ corresponding to a rotation of the linear polarization of Δϕ = 15◦. From
the thereby acquired spectra, the intensities were obtained as peak area of Lorentz functions, by
which the individual modes were modelled. For the cross polarized measurements, an additional
chromatic λ/2 waveplate was applied to rotate the polarization of the laser by 90◦.
The intensities experimentally obtained for the (010)-oriented single crystal are shown for the
parallel and cross polarized conﬁguration in Fig. 8.3. For all modes, more or less distinct intensity
maxima or minima are found at the two angles ϕ ≈ 60◦ and ϕ ≈ 150◦. These match the direction
of the [001] axis of the crystal and that perpendicular to it. Note that the given angles are not
corrected for a slight twist of the sample which cannot be fully excluded when mounting it.
In order to obtain the Raman tensor elements of Eq. (3.4), the expected polarization depend-
ence of the intensity based on the Raman tensor is calculated. Due to the non-orthogonality
of the (010) plane, the directions x and y are in principle arbitrary, i.e. applying a rotational
transformation around the [010] axis yields the same form of the tensor as before. Because of
the distinct intensity maxima and minima observed for the polarization directions parallel and
perpendicular to the [001] axis, this axis is chosen here as x-axis. Consequently, the y-axis is set
perpendicular to the [001] and [010] axes, which is actually tilted with respect to the [100] axis
due to the monoclinic angle.
Using this deﬁnition, some of the Raman tensor elements can be read directly from the plots
in Fig. 8.3. The values for |a|2 and |b|2 are equal to the intensities for parallel polarization
at ϕ ≈ 60◦ and ϕ ≈ 150◦, respectively, where typically a maximum or minimum is found.
Analogously, the values of |d|2 and |e|2 are reﬂected as intensities at the same angles in the cross
polarized conﬁguration. The complex angles of the Raman tensor elements (α, β and so on)
inﬂuence the line shape between the directions parallel to x and y. Because only the absolute
intensity and not the phase of the scattered light is measured, the absolute phase shift is not
accessible, leaving one of the complex angles of the tensor elements undetermined. Here, α = 0◦
was set, the other complex angles were determined relatively to α.
The Raman tensor elements, which yield the theoretical curves in Fig. 8.3, were obtained
by minimizing the mean square deviation between experimental and model data for Eq. (1.20)
with the tensor from Eq. (3.4). Both data sets (parallel and cross polarization) were analyzed
simultaneously with the same parameters using a programme written by Daniel Splith. The
comparison between the model and experimental data shows a good agreement for all phonon
modes except for the weakest mode A(4)g . This is probably due to the uncertainty in the experi-
mental data because of its weak intensity. Thus, the tensor elements obtained for this mode are
not fully reliable. However, the principle line shape of the angle dependence is also reﬂected by
the model for this mode.
The obtained tensor elements are summarized in Tab. 8.1. The absolute values of the tensor
elements are given as squares, because the intensity is proportional to those values. Further,
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Figure 8.3.: Peak areas of the diﬀerent phonon modes with Ag symmetry as indicated, normalized
to the maximum intensity of the A(3)g mode, in dependence on the angle ϕ between
the polarization of the detected scattered beam and the [102] direction (in real space)
of the (010)-oriented Ga2O3 single crystal. Excitation was carried out at λexc =
532 nm. Experimental data points are depicted by symbols and the theoretical model
functions by lines. Data for the parallel polarized conﬁguration is shown in black
and for the cross polarized conﬁguration in grey.
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Table 8.1.: Raman tensor elements of the phonon modes of β-Ga2O3 with Ag symmetry, obtained
from a (010)-oriented single crystal with excitation at λexc = 532 nm. The squared
absolute values are given normalized to the largest value for the particular phonon
mode and additionally normalized to the value of |a|2 for A(3)g in parantheses.
Mode |a|2 |b|2 |d|2 |e|2 β δ 
A
(1)
g 1 (0.047) 0.084 (0.004) 0.029 (0.001) 0.034 (0.002) 80◦ 255◦ 117◦
A
(2)
g 1 (0.143) 0.551 (0.079) 0.015 (0.002) 0.027 (0.004) 87◦ 221◦ 51◦
A
(3)
g 1 0.186 0.003 0.004 84◦ 237◦ 39◦
A
(4)
g 1 (0.045) 0.672 (0.030) 0.628 (0.028) 0.955 (0.043) 3◦ 317◦ 233◦
A
(5)
g 0.064 (0.028) 1 (0.440) 0.017 (0.007) 0 (0) 81◦ 0◦ n/a
A
(6)
g 0.648 (0.140) 1 (0.217) 0.209 (0.045) 0.257 (0.056) 58◦ 191◦ 7◦
A
(7)
g 1 (0.125) 0.047 (0.006) 0.023 (0.003) 0.018 (0.002) 72◦ 231◦ 51◦
A
(8)
g 1 (0.147) 0.031 (0.005) 0.097 (0.014) 0.110 (0.016) 4◦ 275◦ 80◦
A
(9)
g 0.022 (0.004) 1 (0.174) 0.541 (0.094) 0.639 (0.111) 172◦ 86◦ 83◦
A
(10)
g 0.035 (0.028) 1 (0.824) 0.073 (0.060) 0.137 (0.113) 96◦ 6◦ 7◦
they are given as two numbers: Those normalized to the largest tensor element of the particular
phonon mode reﬂect the symmetry of the phonon mode and thereby the line shape of Fig. 8.3
while those normalized to the value of |a|2 give information about the intensity of the mode
relative to the others and thus about the overall appearance of the spectra. It is noted that
the A(1)g mode is that close to the onset of the edge ﬁlter that it cannot be excluded that it is
partially blocked. Thus, the absolute values of its tensor elements normalized to the A(3)g mode
may not be trusted, they only give a lower limit.
The absolute values of many tensor elements in Tab. 8.1 are close or equal to zero3, indicating
a higher symmetry of these phonon modes than that of the monoclinic lattice. Particularly,
ﬁve modes (A(1)g , A(2)g , A(3)g , A(5)g and A(7)g ) exhibit negligible oﬀ-diagonal elements |d| and |e|.
Similarly, for four modes (A(7)g , A(8)g , A(9)g and A(10)g ), one of the diagonal elements |a| and |b| is
much smaller than the other and also A(1)g and A(5)g exhibit strong diﬀerences between these two
values.
The determination of the missing tensor element c is not possible from backscattering meas-
urements on the (010) plane, but requires a diﬀerent scattering geometry. A (2¯01)-oriented single
crystal was investigated for this purpose. Due to the diﬀerent propagation direction of the phon-
ons, the Raman tensor elements a, b, d and e are not identical to those for propagation along
the [010] direction, and are therefore distinguished by an apostrophe. Thus, the experimentally
determined intensities in dependence on the polarization angle needed to be modelled with an
individual parameter set. The Raman tensor is transformed from the form of Eq. (3.4) into the
3Tensor elements smaller than 0.05 might as well be zero without severly changing the match between experi-
mental and model data. The complex angles for these elements consequently exhibit a large uncertainty.
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appropriate coordinate system by applying a rotation T by 90◦ around the [102] direction. The
respective transformation matrix reads
T =
⎛
⎝ 1 0 00 0 1
0 1 0
⎞
⎠ . (8.1)
The resulting Raman tensor has the form
R(2¯01)(Ag) =
⎛
⎝ b′ 0 e′0 c′ 0
d′ 0 a′
⎞
⎠ . (8.2)
Thus, for the backscattering geometry, only the diagonal elements b′ and c′ inﬂuence the scat-
tering cross section.
As can be seen from Fig. 8.4, the obtained Raman mode intensities in dependence on the
polarization angle could be modelled well using the Raman tensor from Eq. (8.2). Only the
data for the A(7)g in the cross polarized conﬁguration cannot be described within the model
because of the superposition with the B(4)g mode at approximately the same position, which
could not be separated. This B(4)g mode also inﬂuences the intensities in the parallel polarized
spectra, but because of its very small scattering cross section (cf. the cross polarized intensities
in Fig. 8.4g), its inﬂuence is negligible. Thus, the Raman tensor elements for the A(7)g mode have
been determined from the parallel polarized intensities only. Further, the data for the A(1)g mode
is very noisy due to its low intensity.
The resulting Raman tensor elements are summarized in Tab. 8.2. Again, some peculiarities
can be noted. The modes A(2)g , A(3)g and A(5)g exhibit (within the measurement uncertainty)
identical tensor elements |b′|2 and and |c′|2 and the phase shift between both tensor elements
appears to be close to 90◦ for all modes from A(1)g to A(6)g , for which both elements have a
signiﬁcant absolute value. For A(7)g and A(8)g , the tensor element b′ vanishes similar to c′ for
A
(9)
g and A(10)g . These ﬁndings also correlate to the results from the (010) orientation. Raman
modes with vanishing elements d and e exhibit similar or equal elements b′ and c′.4 Similarly
for the four high-energy modes, for which one of the diagonal elements a or b was close to
zero, also b′ and c′, respectively, (almost) vanish. It is noted that no systematic correlation
between vanishing Raman tensor elements and the theoretically predicted atomic motion for the
individual modes [39] could be found.
The Raman tensor elements for the Bg modes are not discussed here because the applied
scattering geometries did only allow the determination of two out of the four Raman tensor
elements. Further, only three of the ﬁve Bg modes could be observed over the full angular range.
Despite that, for these three modes B(1)g , B(2)g and B(5)g no deviation from a symmetric Raman
tensor could be found within the experimental error. This means their scattering cross section
was found to be identical for x′(y′z)x′ and x′(zy′)x′ (with the notation as in Tab. 3.7).
As mentioned above, some diﬀerences between the Raman intensities were found for the two
excitation energies used. This motivates a comparison of the individual Raman tensor ele-
ments. Therefore, the same polarization angle dependent measurements were also carried out for
λexc = 325 nm. However, the obtained results from the cross polarized measurements appeared
unphysical. The intensity dependencies on the polarization angle suggest a varying rotation of
4The fact that A(1)g is an exception here might also be caused by the low intensity and thus large measurement
uncertainty.
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Figure 8.4.: Peak areas of the diﬀerent phonon modes with Ag symmetry as indicated, normal-
ized to the maximum intensity of the A(3)g mode, in dependence on the angle ϕ
between the polarization of the detected scattered beam and the [102] direction of
the (2¯01)-oriented Ga2O3 single crystal. Excitation was carried out at λexc = 532 nm.
Experimental data points are depicted by symbols and the theoretical model func-
tions by lines. Data for the parallel polarized conﬁguration is shown in black and
for the cross polarized conﬁguration in grey.
83
8.1. β-Ga2O3 Chapter 8. Binary materials
Table 8.2.: Raman tensor elements of the phonon modes of β-Ga2O3 with Ag symmetry, obtained
from a (2¯01)-oriented single crystal with excitation at λexc = 532 nm. The squared
absolute values are given normalized to the largest value for the particular phonon
mode and additionally normalized to the value of |a|2 for A(3)g in parantheses.
Mode |b′|2 |c′|2 γ
A
(1)
g 0.017 (0.001) 0.040 (0.002) 97◦
A
(2)
g 0.631 (0.090) 0.636 (0.091) 88◦
A
(3)
g 0.449 0.469 89◦
A
(4)
g 3.265 (0.147) 1.013 (0.046) 87◦
A
(5)
g 0.466 (0.205) 0.497 (0.219) 86◦
A
(6)
g 1.784 (0.387) 0.844 (0.183) 89◦
A
(7)
g 0.021 (0.003) 0.363 (0.053) 62◦
A
(8)
g 0.021 (0.003) 0.363 (0.054) 69◦
A
(9)
g 1.902 (0.331) 0.054 (0.009) 90◦
A
(10)
g 0.161 (0.133) 0 (0) n/a
the crystal depending on the spectral position. This is probably caused by a non-ideality of any
of the applied UV optics, which could not be located. Thus, even though this virtual rotation of
the crystal could be included by a rotation of the Raman tensor in the model, the cross polarized
measurements are assumed unreliable and are not evaluated here.
The three parameters |b′|, |c′| and γ of the two Raman tensor elements, which can be determ-
ined from the measurements on the (2¯01)-oriented crystal can be unambiguously determined from
the parallel polarized conﬁguration. For the (010) orientation, only |a| and |b| can be determined
unambiguously because their squares are equal to the intensities in the x and y direction. All
other parameters are correlated and could not be determined explicitly. Here, the values from
λexc = 532 nm were taken as starting values for the parameter optimization to conﬁrm if the
data obtained for λexc = 325 nm are in agreement with those for λexc = 532 nm or if other values
need to be used.
The experimental data for the (010)-oriented crystal are shown in Fig. 8.5 together with those
from the model. The comparison shows very similar line shapes to those of Fig. 8.3 for excitation
at λexc = 532 nm. Deviations are particularly found for A(4)g and, to a lesser extent, for A(5)g ,
A
(7)
g and A(8)g .
The parameters used for the calculation of the data shown in Fig. 8.5 are given in Tab. 8.3.
They exhibit only moderate, but partially signiﬁcant deviations to those for excitation at λexc =
532 nm. For example, the diﬀerences between the absolute values of the two diagonal elements a
and b observed for λexc = 532 nm appear reduced at λexc = 325 nm, independent of which of both
has the larger value. Particularly, |a| and |b| are essentially identical for A(4)g at λexc = 325 nm.
Further, some of the diagonal elements, which were found to be very small for λexc = 532 nm
(for A(5)g , A(7)g , A(8)g and A(9)g ), are strongly increased for λexc = 325 nm such that no higher
symmetry of the Raman tensor for these modes can be stated.
As mentioned above, all other parameters are strongly correlated to each other. Thus, no
decisive information can be drawn from these results. However, the experimental data could
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Figure 8.5.: Peak areas of the diﬀerent phonon modes with Ag symmetry as indicated, normal-
ized to the maximum intensity of the A(3)g mode, in dependence on the angle ϕ
between the polarization of the incident and the detected scattered beam and the
[102] direction (in real space) of the (010)-oriented Ga2O3 single crystal. Excitation
was carried out at λexc = 325 nm. Experimental data points are depicted by symbols
and the theoretical model functions by lines.
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Table 8.3.: Raman tensor elements of the phonon modes of β-Ga2O3 with Ag symmetry, obtained
from a (010)-oriented single crystal with excitation at λexc = 325 nm. The squared
absolute values are given normalized to the largest value for the particular phonon
mode and additionally normalized to the value of |a|2 for A(3)g in parantheses. The
values for |d|, |e| and all three angles are correlated and are thus only one possible
parameter set yielding a good agreement between model and experiment.
Mode |a|2 |b|2 |d|2 |e|2 β δ 
A
(1)
g 1 (0.015) 0.081 (0.001) 0.045 (0.001) 0.043 (0.002) 15◦ 288◦ 96◦
A
(2)
g 1 (0.160) 0.683 (0.109) 0.029 (0.005) 0.053 (0.008) 88◦ 204◦ 6◦
A
(3)
g 1 0.324 0.015 0.033 89◦ 216◦ 10◦
A
(4)
g 0.992 (0.104) 1 (0.105) 0.291 (0.030) 0.233 (0.024) 78◦ 0◦ 184◦
A
(5)
g 0.327 (0.147) 1 (0.451) 0.005 (0.002) 0.004 (0.002) 90◦ 30◦ 205◦
A
(6)
g 0.732 (0.142) 1 (0.194) 0.238 (0.046) 0.276 (0.054) 64◦ 177◦ 0◦
A
(7)
g 1 (0.113) 0.315 (0.035) 0 (0) 0 (0) 83◦ n/a n/a
A
(8)
g 1 (0.187) 0.328 (0.061) 0.013 (0.002) 0.191 (0.036) 10◦ 269◦ 89◦
A
(9)
g 0.216 (0.058) 1 (0.270) 0.724 (0.195) 1 (0.269) 175◦ 99◦ 76◦
A
(10)
g 0.013 (0.020) 1 (1.613) 0.156 (0.252) 0.065 (0.104) 131◦ 35◦ 47◦
indeed be modelled using similar values to those found for λexc = 532 nm. Thus, the experimental
results are at least not in contradiction to such values.
The results obtained experimentally and from the model for the (2¯01)-oriented single crystal for
excitation at λexc = 325 nm are depicted in Fig. 8.6. No data for A(1)g is shown due to its very low
intensity. Again, the line shapes are very similar to those from excitation at λexc = 532 nm. Only
the angular dependencies for A(5)g and A(6)g have changed obviously. They appear as they were
switched by mistake as compared to λexc = 532 nm (which they actually were not). Despite these
qualitative similarities, the relative intensities between the modes have changed considerably, as
can be seen from the intensity scales.
These intensity variations are also reﬂected in the absolute values of the Raman tensor elements
given in Tab. 8.4. Compared to λexc = 532 nm, these values are increased for the (2¯01)-oriented
sample relative to the results obtained from excitation on the (010) plane. Particularly, for the
lower energy modes up to A(5)g , |b′| is increased more than |c′|, while this is vice versa for the
higher energy modes (excluding A(10)g , for which |c′| was zero for λexc = 532 nm).
The diﬀerent variations of the values of the Raman tensor elements might in general be either
due to the optical anisotropy of the material [105] or due to diﬀerent resonance conditions. How-
ever, the optical anisotropy should only result in a slight change of the scattering intensity due
to diﬀerent absolute values of the susceptibility (cf. Eq. (1.19)). Further, this eﬀect is the same
for a particular tensor element for all phonon modes due to the small Raman shifts involved.
Thus, the optical anisotropy cannot explain the diﬀerent behaviour of the phonon modes. The
observed diﬀerences in the Raman tensor elements might be rather explained by a slight reson-
ant enhancement. A strong dependence of the bandgap on the optical polarization direction was
found for Ga2O3 [120], possibly accounting for the diﬀerent enhancement for diﬀerent crystallo-
graphic orientations. However, the bandgap appears to be largest for the polarization parallel
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Figure 8.6.: Peak areas of the diﬀerent phonon modes with Ag symmetry as indicated, normal-
ized to the maximum intensity of the A(3)g mode, in dependence on the angle ϕ
between the polarization of the incident and the detected scattered beam and the
[102] direction (in real space) of the (2¯01)-oriented Ga2O3 single crystal. Excitation
was carried out at λexc = 325 nm. Experimental data points are depicted by symbols
and the theoretical model functions by lines.
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Table 8.4.: Raman tensor elements of the phonon modes of β-Ga2O3 with Ag symmetry, obtained
from a (2¯01)-oriented single crystal with excitation at λexc = 325 nm. The squared
absolute values are given normalized to the largest value for the particular phonon
mode and additionally normalized to the value of |a|2 for A(3)g in parantheses.
Mode |b′|2 |c′|2 γ
A
(1)
g n/a n/a n/a
A
(2)
g 1.148 (0.184) 0.690 (0.110) 83◦
A
(3)
g 0.607 0.604 89◦
A
(4)
g 1.956 (0.205) 0.435 (0.046) 82◦
A
(5)
g 0.753 (0.340) 0.520 (0.235) 80◦
A
(6)
g 2.193 (0.426) 2.088 (0.405) 84◦
A
(7)
g 0.201 (0.023) 3.480 (0.392) 53◦
A
(8)
g 0.024 (0.004) 1.057 (0.198) 59◦
A
(9)
g 2.848 (0.769) 0.167 (0.045) 81◦
A
(10)
g 0.167 (0.269) 0.002 (0.003) 26◦
to the b-axis ([010] direction), for which the strongest enhancement was found. Probably also
correlations between the symmetry of the phonon modes and that of electronic excitations excit-
ation must be taken into account, which also may explain the diﬀerent enhancement for diﬀerent
phonon modes. In conclusion, these observations cannot be fully explained at this point, but
measurements with diﬀerent excitation energies are expected to potentially give great insight
into the properties of the phonon modes and the electronic system of the material.
8.1.2. Thin ﬁlms
Parallel polarized Raman spectra obtained from a ﬁlm on Al2O3 are shown in Fig. 8.7 for both
excitation energies. Both spectra were acquired using identical integration time of 2 × 600 s
(two measurements at the same spectral position, which were averaged) per spectral position
and identical slit width of 100 μm. No signiﬁcant qualitative diﬀerence between the spectra can
be seen, despite a moderate increase of the relative intensity of the high energy phonon modes
5. Quantitatively, there is a diﬀerence between the scattering cross section for λexc = 532 nm
and λexc = 325 nm due to the approximate ω4 dependence (cf. Eq. (1.13)), yielding a severely
improved signal to noise ratio at λexc = 325 nm.
Gallium oxide thin ﬁlms grown on two diﬀerent substrates were investigated: such grown on
Al2O3 (00.1) yielding (2¯01) orientation of the ﬁlm and such grown on MgO (100) yielding (100)-
oriented ﬁlms. These are also references for the investigations of the ternary alloys discussed in
chapter 9. The PLD-grown β-Ga2O3 thin ﬁlms exhibit six rotational domains, rotated in steps of
60◦ to each other, similar to ﬁndings in the literature [107,108] due to the mismatch of in-plane
symmetry between substrate and ﬁlm [140].
As deduced in appendix B, due to the presence of the six rotational domains in the (2¯01)-
oriented thin ﬁlms no dependence of the mode intensities on the rotational alignment of the
5Note that the intensity ratio between the A(3)g mode and the substrate mode at 576 cm−1 is constant, thus the
increased relative intensity is not due to a spectral dependence of the setup.
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Figure 8.7.: Parallel polarized Raman spectra of a (2¯01)-oriented Ga2O3 thin ﬁlm grown on
Al2O3 (00.1), (a) excited at λexc = 532 nm and (b) excited at λexc = 325 nm. The
narrow peaks which are not labelled are due to the substrate. The high intensity
peak of Al2O3 at 417 cm−1 has been cropped, its total height is approximately four
times of the shown y-range in both graphs.
sample is expected, as it is actually observed experimentally. In the case that the Raman tensor
elements obtained for the single crystal are also valid for the thin ﬁlm, the relative intensit-
ies should be in accordance with those calculated from Eq. (B.7), using the values from the
single crystal. These calculated relative intensities are given together with the experimental
data, obtained from the spectrum depicted in Fig. 8.7b, in Tab. 8.5 for λexc = 325 nm. Strong,
non-systematic deviations between both are found, indicating that the obtained Raman tensor
elements are only valid for high quality crystals and cannot be applied for the thin ﬁlms in-
vestigated here. Similar deviations are also found for excitation at λexc = 532 nm (not shown
here).
The (100)-oriented ﬁlms grown on MgO (100) exhibit four rotational domains due to the
fourfold rotational symmetry of the MgO surface [140]. An epitaxial relation was discussed in
the literature [106] for an alignment of either the b or the c axis along the four equivalent <110>
directions of MgO. A reasonable lattice match is given for both axis (b: 2 × 3.035Å = 6.07Å, c:
5.795Å) [70] to the face diagonal of MgO of 5.957Å [141]. Kong et al. [106] found a rotational
alignment of the c-axis to the <110> directions for MBE-grown ﬁlms. This is in compliance with
the PLD-grown samples investigated here as veriﬁed by an XRD ϕ-scan depicted in Fig. 8.8.
Diﬀraction peaks due to the {420} and {311} planes of MgO are observed for an alignment
parallel to the <100> and <110> directions, respectively, and diﬀraction peaks due to the (910)
plane of β-Ga2O are found for an alignment to the [001] direction. Thus, the match indicates
an in-plane alignment of the [001] axis with the <110> directions. Because the in-plane angle
between [010] and [001] in the β-Ga2O3 lattice is 90◦, also the b-axis of the ﬁlms is found in
these directions. These asymmetric (910) reﬂexes were further found at angles ω = 16.027◦ and
θ = 79.004◦ corresponding to reciprocal lattice vectors of qx = 3.29 nm−1 and qz = 7.57 nm−1, in
full agreement to the values for (100)-oriented single crystals [103]. It is concluded that, despite
the good lattice match, the ﬁlms are fully relaxed.
Because the [010] direction of the thin ﬁlm is oriented in-plane, the Raman tensor of the Ag
modes for an individual rotational domain has the form of Eq. (8.2). For excitation parallel to
the <100> directions of the MgO substrate, corresponding to directions [011], [011¯], [01¯1] and
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Table 8.5.: Intensities relative to that of the A(3)g mode for the (2¯01)-oriented Ga2O3 thin ﬁlm
excited at λexc = 325 nm. Calculated values Icalc according to Eq. (B.7) using the
values for the single crystals are given together with the experimental values Iexp and
the ratio of both.
Phonon mode Icalc Iexp Iexp/Icalc
A
(2)
g 0.24 0.13 0.52
A
(3)
g 1 1 1
A
(4)
g 0.21 0.15 0.75
A
(5)
g 0.48 0.61 1.27
A
(6)
g 0.69 n/a n/a
A
(7)
g 0.35 0.20 0.57
A
(8)
g 0.17 0.20 0.57
A
(9)
g 0.67 0.53 0.79
A
(10)
g 0.23 1.09 4.79
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Figure 8.8.: Aligned ϕ-scan of the XRD peaks of the {420} (grey) and {311} planes (black) of
the MgO substrate and the (910) plane of the β-Ga2O3 ﬁlm (red).
90
Chapter 8. Binary materials 8.1. β-Ga2O3
       
 
 

 
 

 
 
 
 

 
 
 
 	

 
 


 
 

 
 





	










	

 


 
 
 

       

 


 	


 


 
 





	










	

 


 
 

 
 

 
 
 
 

 
 
 
 	

 
 


 
 

 
 

Figure 8.9.: Raman spectra of a (100)-oriented β-Ga2O3 thin ﬁlm grown on MgO(100), excited
at λexc = 325 nm. (a) Incident polarization aligned to a <100> direction of MgO,
(b) incident polarization aligned to a <110> direction of MgO. Parallel polarized
spectra are depicted as black lines and cross polarized spectra as grey lines.
[01¯1¯] of the Ga2O3 ﬁlm, the Ag and Bg modes are generally allowed for both, parallel and cross
polarization, as shown in Fig. 8.9a. Further, because of the rotational domain, the spectra are
expected to be identical for all <100> directions of MgO, which was experimentally conﬁrmed
(not shown).
For the incident polarization parallel to one of the <110> directions of the MgO substrate, a
distinction of the symmetries of the phonon modes is possible: In the parallel polarized spectra,
only the Ag modes are allowed, in the cross polarized spectra only the Bg modes (cf. Tab. 3.7). As
shown in Fig. 8.9b, the modes with Bg symmetry are widely extinguished in the cross polarized
spectrum (Note the logarithmic scale making the not fully extinguished Ag modes in the cross
polarized appearing more intense than they actually are). Particularly, B(4)g and B(5)g are isolated,
i.e. they can be observed without being superimposed by the nearby strong phonon modes with
Ag symmetry. No statement on the extinction of the Bg modes in the parallel polarized spectrum
can be given because these modes are also hardly observed in the parallel polarized spectrum in
Fig. 8.9a due to the strong Ag modes nearby for the accessible spectral range6. However, the
Raman spectra corroborate the ﬁndings from XRD regarding the rotational domains of the thin
ﬁlm.
For the material characterization of the thin ﬁlms, the spectral position and the line width
of the Raman lines corresponding to the energy and life time broadening of the phonon modes
are of particular interest. These values were obtained by modelling the Raman modes by means
of Lorentzian functions. They are summarized for ﬁlms grown on both types of substrate and
compared to the values for the ceramic and single crystalline samples in Tab. 8.6 and Tab. 8.7.
The observed phonon energies for the thin ﬁlms are close to the values of the bulk samples.
Small, but systematic shifts are found towards lower energies for the ﬁlm grown on MgO (100) and
towards higher energies for the ﬁlm grown on Al2O3 (00.1). These diﬀerences are probably due to
the diﬀerent oxygen pressures used for the diﬀerent substrates aﬀecting the oxygen stoichiometry
of the sample. But also the diﬀerent growth directions appear to inﬂuence the Ga2O3 lattice,
which is indicated for example by diﬀerent growth rates in the two directions, being more than
6Because of the lower intensities for the thin ﬁlms as compared to the bulk samples, the edge ﬁlter could not be
tuned closer towards the laser energy as stray light from the laser would have superimposed the spectrum
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Table 8.6.: Energies of the Raman active phonon modes at the Γ-point of β-Ga2O3 at room
temperature, given in cm−1. The numbers marked by an asterisk must be considered
unreliable because spectrally close lines to these modes could not fully be separated.
Phonon mode ﬁlm on MgO ﬁlm on Al2O3 ceramic single crystal
A
(1)
g n/a n/a 111.2 111.0
B
(1)
g n/a n/a 114.6 114.8
B
(2)
g n/a n/a 144.9 144.8
A
(2)
g 170.0 169.7 169.9 169.9
A
(3)
g 200.1 200.7 200.1 200.2
A
(4)
g 319.5 320.2 320.1 320
A
(5)
g 345.5 348.0 346.6 346.6
B
(3)
g 351.9 n/a 353.5 353.2
A
(6)
g 415.0 n/a 416.1 416.2
A
(7)
g 472.5* 475.4 475.5* 474.8
B
(4)
g 472.5* n/a 475.5* 476.2
A
(8)
g 627.2 630.7 630.4 630.0
B
(5)
g 651.0 653.4* 652.4 652.3
A
(9)
g 654.4 659.4* 658.6 658.3
A
(10)
g 763.6 769.2 766.6 766.7
two times larger for growth on MgO, and the diﬀerent oxygen pressures required for a high
quality, uniformly oriented thin ﬁlm. The phonon mode broadenings are increased as compared
to the bulk samples, which is expected for heteroepitaxially grown thin ﬁlms. The values for the
two substrates are essentially equal, indicating a similarly reasonable crystal quality for growth
on both substrates, which also corroborates the diﬀerent growth conditions were chosen well.
8.2. bcc-In2O3
8.2.1. Ceramic samples
Ceramic samples of In2O3 were investigated as bulk-like reference due to the lack of available
In2O3 single crystals. The resulting spectra are shown in Fig. 8.10 for both excitation lasers.
Huge diﬀerences between the two excitation energies are observed. The spectrum excited at
λexc = 532 nm exhibits a large number of clearly discernible Raman modes. Oppositely, for
excitation at λexc = 325 nm only a few peaks in spectra with high background intensity can be
seen. The strong background probably results from luminescence of the photo-excited charge
carriers, which are not thermalized to the fundamental bandgap energy. This eﬀect appears to
be much stronger for the ceramic samples compared to the thin ﬁlms (cf. section 8.2.2). This
is possibly due to surface eﬀects and/or related to defects in both samples7. As a consequence,
the large signal to noise ratio for λexc = 325 nm makes this excitation wavelength unsuitable
7Also an increasing defect concentration for the thin ﬁlm might result in a lowering of the background due
capturing of hot charge carriers at such defects.
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Table 8.7.: Full width at half maximum of the Raman active phonon modes at the Γ-point of
β-Ga2O3 at room temperature, given in cm−1. The numbers marked by an asterisk
must be considered unreliable because lines spectrally close to these modes could not
fully be separated.
Phonon mode ﬁlm on MgO ﬁlm on Al2O3 ceramic single crystal
A
(1)
g n/a n/a 1.4 1.5
B
(1)
g n/a n/a 0.6 0.6
B
(2)
g n/a n/a 4.2 4.2
A
(2)
g 2.7 2.8 1.2 1.1
A
(3)
g 2.7 3.2 1.2 1.1
A
(4)
g 7.8 7.9 6.5 6.5
A
(5)
g 15.8 12.4 6.1 5.7
B
(3)
g n/a n/a 8.6* 8.9
A
(6)
g 4.9 n/a 3.1 3.0
A
(7)
g 13.5 13.9 11.2* 10.0
B
(4)
g 15.7 n/a 11.2* 11.3
A
(8)
g 10.7 11.6 6.7 7.1
B
(5)
g 11.2* 8.0* 3.8 3.4
A
(9)
g 10.8 7.7* 9.5 6.3
A
(10)
g 17.1 17.6 8.6 9.5
for the investigation of the ceramic In2O3 sample. Thus, in the following only the results for
λexc = 532 nm are discussed.
The spectrum for λexc = 532 nm is shown again in Fig. 8.11 with a logarithmic scale for a
better visibility of the low intensity modes. In that spectrum, 17 peaks can be observed which
are related to 19 ﬁrst-order phonon modes of bcc-In2O3, as indicated in the spectrum. The
phonon mode assignment was done using the results from the investigations on the thin ﬁlms
(see section 8.2.2). The peak energies were determined by approximation with Lorentzian line
shape functions and are summarized in Tab. 8.8.
The comparison to the results of Garcia-Domene et al. [6] shows a good agreement with the
results obtained here. However, most modes are observed at slightly higher Raman shifts in the
present work. This might be related to diﬀerences between the samples, either resulting from
the raw powder or from the sintering process only applied here but not by Garcia-Domene et al.
who investigated the unprocessed powder. The fact that the F (9)g mode is observed here but
not by Garcia-Domene et al. due to a too broad F (8)g mode might indicate a higher crystalline
quality of the sample studied here, but also the diﬀerent excitation energies (Garcia-Domene
et al.: λexc = 632.8 nm) may have an inﬂuence. Thus, an answer on which values are closer to
that of ideal bcc-In2O3 cannot be given at this point.
Besides the Lorentzian shaped peaks in the Raman spectrum, an intensity dip is observed
around 215 cm−1, as shown in detail in Fig. 8.12. This feature shows a lineshape similar to that
of a Fano resonance [142]. Similar features were observed previously in Raman spectra, e.g. in
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Figure 8.10.: Parallel polarized Raman spectra of a ceramic In2O3 sample (PLD target), (a)
excited at λexc = 532 nm and (b) excited at λexc = 325 nm. The bottom line
equals an intensity of 0 after the subtraction of the constant dark current of the
detector. Note the square root intensity scale for (a) and the linear intensity scale
for (b).
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Figure 8.11.: Parallel polarized Raman spectra of a ceramic In2O3 sample (PLD target) excited
at λexc = 532 nm with logarithmic intensity scale. The constant dark current of the
detector has been subtracted.
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Table 8.8.: Experimentally observed energies of the Raman active phonon modes at the Γ-point
of polycrystalline bcc-In2O3, given in cm−1. Modes marked by an asterisk are super-
imposed with other modes in the spectra.
phonon mode ceramic sample Garcia-Domene et al. [6]
F
(1)
g 109.7 108
F
(2)
g 118.9 118
A
(1)
g 132.3 131
F
(3)
g 153.2 152
E
(1)
g 169.8 169
F
(4)
g 207.0 205
F
(5)
g 212.7 211
F
(6)
g 306.4* 306∗
A
(2)
g 306.4* 306∗
E
(2)
g n/a n/a
F
(7)
g n/a n/a
F
(8)
g 365.6 365
F
(9)
g 389.9 n/a
E
(3)
g 399.2 396
F
(10)
g n/a n/a
F
(11)
g 466.0 467
A
(3)
g 495.5 495
F
(12)
g 515 513
F
(13)
g n/a n/a
E
(4)
g 590.4 590
A
(4)
g 628.5* n/a
F
(14)
g 626.5* 628∗
that of BaTiO3. The spectral intensity dependence of this resonance can be modelled by the
function [142]
I = C q + 1 + 2 with  =
E − E0
Γ/2 . (8.3)
Here, C is a constant, q the Fano parameter, E0 the centre energy and Γ the broadening of the
resonance. As can be seen from Fig. 8.12, the observed spectrum can be modelled well with
that function using the parameters q = −1, E0 = 216.2 cm−1 and Γ = 4.4 cm−1.8 The physical
background of this model is the interference of a discrete state with a continuum. In the Raman
spectrum of In2O3, a broad background, probably either due to multi-phonon processes or a slight
luminescence from electronic defect states, is observed, which provides such continuum states.
Thus, the interference might occur between this background and a discrete mode. However, this
mode cannot be a ﬁrst-order phonon mode as no mode with Ag symmetry is expected at this
8The negative sign of q is also a consequence of the Raman shift energy scale used here. If the spectrum is
plotted against the absolute photon energy, a positive Fano parameter must be used.
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Figure 8.12.: Parallel polarized Raman spectra of ceramic In2O3 samples (PLD targets) excited
at λexc = 532 nm with linear intensity scale. The constant dark current of the
detector has been subtracted, the bottom axis corresponds to an intensity of 0. (a)
Spectrum of an undoped sample together (black line) with a Fano resonance model
function (light grey line). (b) Spectrum of the same undoped sample (black line)
compared to a similar sample with 0.1wt-% MgO added (grey line).
spectral position [6]. An interesting observation is that for doped samples, i.e. particularly with
the addition of 0.1wt-% or 1wt-% of MgO or 1wt-% of SnO2 powder to the In2O3 powder before
sintering, the Fano resonance like feature disappears, as can be seen exemplarily for the sample
with 0.1wt-% of MgO from Fig. 8.12b. Note that the disappearance does not correlate with
the decreased intensity of the background signal observed for the sample with 0.1wt-% of MgO,
because in contrast for the Sn-doped sample a strongly increased background is observed (not
shown).
8.2.2. Thin ﬁlms
The impact of the excitation photon energy on the Raman spectra was also studied for thin
ﬁlms and is shown exemplarily for a (111)-oriented In2O3 thin ﬁlm9 grown on Al2O3 (00.1)
in Figs. 8.13 and 8.14. Strong diﬀerences between the two excitation energies are apparent.
Phonon modes due to the substrate are observed only for λexc = 532 nm due to absorption of
the laser light at λexc = 325 nm, which corresponds to a photon energy of Eexc = 3.81 eV and
is above the optical bandgap energy of In2O3 [125, 126]. Further, for λexc = 532 nm only a few
peaks related to the ﬁlm are observed, while many more modes can be found in the spectra
excited at λexc = 325 nm. Not only the overall intensity is much lower for λexc = 532 nm,
but also the relative intensity of some modes. For example, the E(1)g is the strongest mode for
λexc = 325 nm in the cross polarized spectrum (see Fig. 8.14b), while it is completely invisible in
the spectrum excited at λexc = 532 nm (see Fig. 8.14a). Oppositely, the A(3)g mode is one of the
few modes observable in the parallel polarized spectrum at λexc = 532 nm (see Fig. 8.13a), but
almost vanishes in Fig. 8.13b. The near-resonant conditions at λexc = 325 nm are responsible
for these diﬀerences as corroborated below. The strong background observed for the ceramic
9XRD measurements actually reveal that a part of the ﬁlm is actually (100)-oriented. However, the peak
intensities in the diﬀraction patterns yield a concentration of this second orientation of  1%. Also the
Raman selection rules match those of In2O3 (111). Thus, this ﬁlm is treated as fully (111)-oriented here.
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Figure 8.13.: Parallel polarized Raman spectra of a (111)-oriented In2O3 thin ﬁlm grown on
Al2O3 (00.1), (a) excited at λexc = 532 nm and (b) excited at λexc = 325 nm.
The constant dark current of the detector has been subtracted, the bottom axis
corresponds to an intensity of 0. The inset in (a) shows a magniﬁed view of the
part of the spectrum highlighted by a dotted box.
samples appears to be strongly reduced for the thin ﬁlm samples for the possible reasons noted
in section 8.2.1.
These measurements further allow some conclusions on the phonon mode symmetries based on
the selection rules. According to Tab. 3.9, for the parallel polarized conﬁguration (z′′(x′′x′′)z′′),
all three mode symmetries are allowed. For the cross polarized conﬁguration (z′′(x′′y′′)z′′),
modes with Ag symmetry are forbidden. An observed spectral shift of the features F (6)g /A(2)g
(from 309 cm−1 for z′′(x′′x′′)z′′ to 306 cm−1 for z′′(x′′y′′)z′′) and A(4)g /F (14)g (from 633 cm−1 for
z′′(x′′x′′)z′′ to 636 cm−1 for z′′(x′′y′′)z′′) between both scattering geometries reveals their double
peak nature. In the cross polarized spectra, these Fg modes can be observed exclusively without
the respective Ag modes.
The interference-like feature is observed for the thin ﬁlms similarly to the ceramic samples (see
section 8.2.1). It can be observed for both excitation energies, but only in the parallel polarized
conﬁguration. Thus, the selection rules for this spectral feature correspond to the Ag symmetry.
Excitation at λexc = 325 nm clearly appears beneﬁcial for the investigation of In2O3 thin
ﬁlms. Thus, in the following, only measurements carried out with this excitation wavelength are
presented. The thereby acquired room temperature spectra of the (111)-oriented ﬁlm already
allow the observation of a large number of phonon modes, but the (111) orientation does not
allow to exclusively observe phonon modes of a certain symmetry in a particular polarization
conﬁguration. Further, also spectrally close lines with the same symmetry as the pair F (10)g /
F
(11)
g are resolved only badly. Therefore, measurements at T = 10K were conducted, for which
a decrease of phonon lifetime broadening is expected. Additionally to the (111)-oriented ﬁlm,
also a (100)-oriented ﬁlm grown on YSZ (100) was studied.
Raman spectra of the same (111)-oriented In2O3 thin ﬁlm as above measured at T = 10K are
shown in Fig. 8.15. The decreased line width of the Raman modes compared to excitation at room
temperature is apparent (note the logarithmic scale for the low-temperature measurements). As
a consequence, almost all Raman-active phonon modes are observed, but only the modes with the
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Figure 8.14.: Cross polarized Raman spectra of a (111)-oriented In2O3 thin ﬁlm grown on Al2O3
(00.1), (a) excited at λexc = 532 nm and (b) excited at λexc = 325 nm. The con-
stant dark current of the detector has been subtracted, the bottom axis corresponds
to an intensity of 0. The strong, narrow lines at the low energy side of (a) originate
from modes of the laser.
Ag symmetry can be assigned unambiguously from these spectra, because they are only allowed
in the parallel polarized conﬁguration (cf. Tab. 3.9).
Besides the four ﬁrst order Ag modes, which can be assigned because of their good agreement
to the theoretical calculations by Garcia-Domene et al. [6], several other features appear only
in the parallel polarized conﬁguration. The peak labelled by ’#’ in Fig. 8.15 appears at the
position (ν¯ = 219 cm−1) where the interference-like feature was observed in measurements at
room temperature, strongly suggesting a relation between this additional mode and that inter-
ference. Possibly, the excitation causing the observation of this narrow peak in the spectrum
may act as discrete state in a Fano resonance with the strong background, which is not present
here due to the low temperature. Further additional features labelled by ’*’ were found at
538 cm−1, 567 cm−1 and 600 cm−1. Interestingly, such additional features were also found by
Garcia-Domene et al. [6] for excitation at λexc = 632.8 nm, but only in nano-crystalline powder.
However, the microscopical origin for these modes cannot be clariﬁed at this point.
All three phonon symmetries possible for the crystal structure of bcc-In2O3 can be distin-
guished from the measurements of In2O3 (100) thin ﬁlms shown in Fig. 8.16. As for the (111)-
oriented ﬁlm, the Ag modes are only detected in the parallel polarized conﬁgurations. In the
cross polarized conﬁguration, only modes with Fg symmetry are allowed. These are also seen
in the parallel polarized spectra with z(x′x′)z conﬁguration, i.e. with the polarization parallel
to the <110> directions. The Eg modes are observed in both parallel polarized conﬁgurations,
but weaker for z(x′x′)z. These selection rules allow to visualize the Eg and Fg modes by means
of a diﬀerence spectrum between the two parallel polarized conﬁgurations as shown in Fig. 8.17.
Eg modes appear as positive and Fg modes as negative peaks. F (7)g , F (12)g and F (13)g are not
observed in the diﬀerence spectrum due to their low intensity and superimposition with other
features, but they can be identiﬁed from the z(xy)z and z(x′′y′′)z spectra.
From these low temperature measurements, 21 out of the 22 phonon modes of bcc-In2O3 were
observed. Their phonon energies obtained for the two thin ﬁlms, at room temperature and
at T = 10K, are summarized in Tab. 8.9. A reasonable agreement to the ceramic sample is
found. However, the phonon energies of the (111)-oriented ﬁlm at room temperature are slightly
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Figure 8.15.: Parallel polarized (z′′(x′′x′′)z′′, black line) and cross polarized (z′′(x′′y′′)z′′, grey
line) Raman spectra of a (111)-oriented In2O3 thin ﬁlm grown on Al2O3 (00.1),
measured at a sample temperature of T = 10K and excited at λexc = 325 nm. The
constant dark current of the detector has been subtracted. The intensity drop-oﬀ
at the low energy side of the spectrum results from the onset of the blocking range
of the applied long-pass ﬁlter. Peaks marked by ’*’ and ’#’ are additional modes
which cannot be assigned to ﬁrst-order modes of In2O3 (also see text).
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Figure 8.16.: Parallel polarized (black line: z(xx)z, red line: z(x′x′)z) and cross polarized
(z(xy)z, grey line) Raman spectra of a (100)-oriented In2O3 thin ﬁlm grown on YSZ
(100), measured at a sample temperature of T = 10K and excited at λexc = 325 nm.
The constant dark current of the detector has been subtracted. The spectra have
not been shifted vertically to emphasize the diﬀerences. Peaks marked by ’*’ and
’#’ are additional modes which cannot be assigned to ﬁrst-order modes of In2O3
(also see text).
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Figure 8.17.: Diﬀerence spectrum between the z(xx)z and the z(x′x′)z conﬁguration of the (100)-
oriented In2O3 thin ﬁlm grown on YSZ (100), measured at a sample temperature
of T = 10K and excited at λexc = 325 nm.
decreased as compared to the ceramic sample while those of the (100)-oriented ﬁlm are slightly
increased. These deviations may be due to diﬀerent growth mechanisms, defects or eﬀects such
as strain due to the substrate. This investigation is out of the scope of the present thesis and is
not detailed here.
A very interesting question about low temperature Raman measurements of In2O3 excited at
λexc = 325 nm is that about the change in resonance conditions. As stated above, the photon
energy of 3.81 eV is close to the direct (or optical) bandgap energy Eg,opt of In2O3 at room
temperature. An increase of the energy of the electronic transition causing this strong absorption
above Eg,opt is expected for cryogenic temperatures, similar to the shift of the fundamental
gap [117], and was observed by means of spectroscopic ellipsometry [143]†. Thus, with decreasing
temperature the transition energy is shifted closer to the excitation energy, potentially further
increasing the resonant enhancement.
In order to verify these assumptions, temperature-dependent Raman measurements were con-
ducted. Raman spectra for the same (100)-oriented ﬁlm as above are shown in dependence on
the temperature in Fig. 8.18. Variations in the overall appearance of the spectra beyond an
increasing line broadening can be seen, particularly even for the step from 10K to 80K, for
which only a small change of the electronic transition energies is expected [117]. Some spectral
features essentially vanish with increasing temperature, including the additional modes with Ag
symmetry (see above), which are rather strong at T = 10K, but were not found in measurements
at room temperature.
A closer inspection of individual Raman modes as depicted in Fig. 8.19 reveals the expected
redshift of the phonon energies and increasing line broadening. Further, a strong decrease of the
peak intensity is observed. Such a decrease is partially expected, because although the overall
intensity, i.e. the peak area, is expected to increase slightly according to the Bose-Einstein
thermal factor given in Eq. (1.14), the increase in line broadening is typically stronger, resulting
in a decrease of the maximum intensity. However, the evaluation of the peak areas yields a
decrease with increasing temperature (see Fig. 8.20), opposite to the predictions for non-resonant
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Table 8.9.: Experimentally observed energies of the Raman active phonon modes at the Γ-point
of polycrystalline bcc-In2O3, given in cm−1. Modes marked by an asterisk are super-
imposed with other modes in the spectra.
phonon mode thin ﬁlms ceramic sample
(111)-oriented (100)-oriented
10K 300K 10K 300K 300K
F
(1)
g 111.7 n/a n/a n/a 109.7
F
(2)
g n/a n/a n/a n/a 118.9
A
(1)
g 135.8 132.7 134.5 131.5 132.3
F
(3)
g n/a n/a 155.4 n/a 153.2
E
(1)
g 173.3 170.6 171.9 169.0 169.8
F
(4)
g 210.6 207.9 208.4 204.8 207.0
F
(5)
g 216.3 214.2 214.0 211.5 212.7
F
(6)
g 309.2 305.8 307.5 303.8 306.4*
A
(2)
g 312.9 310.3 308.5 307* 306.4*
E
(2)
g 319.2 316.4 316.0 307* n/a
F
(7)
g n/a n/a 322 n/a n/a
F
(8)
g 371.5 368.1 367.4 363.1 365.6
F
(9)
g 395.0 392.3 391.4 387.0 389.9
E
(3)
g 402.4 397 398* n/a 399.2
F
(10)
g 456.5 454.2 453.5 449.5 n/a
F
(11)
g 471.2 465.1 468.0 461.3 466.0
A
(3)
g 501.3 498.6 497 n/a 495.5
F
(12)
g 523.3 n/a 518.2 n/a 515
F
(13)
g 550.3 n/a 546.7 n/a n/a
E
(4)
g 597.9 593.2 591* n/a 590.4
A
(4)
g 632 628* 627 n/a 628.5*
F
(14)
g 637.0 633.0 630.4 624.4 628.5*
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Figure 8.18.: Raman spectra of a (100)-oriented In2O3 thin ﬁlm grown on YSZ (100) in de-
pendence on the sample temperature, excited at λexc = 325 nm. The polarization
conﬁguration was set to (a) z(xx)z and (b) z(xy)z. The constant dark current
of the detector has been subtracted. The spectra have been shifted vertically for
clarity.
excitation10. This proves the increased resonant enhancement for low temperatures as expected
from the deliberations above.
From reviewing the intensity dependence on the temperature, further conclusions on the res-
onance conditions can be drawn. The peak area increases monotonically with decreasing tem-
perature. This means that the energy of the electronic transition does not exceed the exciting
photon energy even at T = 10K. This is in agreement with the fact that no contribution from
the substrate is found in the spectra, indicating a full absorption of the incident laser light in
the approximately 1 μm thick ﬁlm.
According to temperature-dependent optical investigations [117], [143]†, the energetic shift of
the optical bandgap is expected to be in the order of the energy of the F (14)g mode (78meV).
Taking into account the fact that Eg,opt ≤ Eexc at T = 10K, one ﬁnds that at room temperature
the resonance conditions rather match those of an outgoing than an incoming resonance for all
phonon modes. In the case that the energy of the electronic transition exceeds that of the photons
scattered by the highest energy phonon mode (F (14)g ), a decrease or stagnation, depending on
the broadening of the electronic states, is expected for this mode. As seen from Fig. 8.20, all
modes show a similar, monotonic increase. This allows only two possible interpretations: Either
the outgoing resonance is weak against the incoming resonance or the energy of the scattered
photons is above the optical bandgap energy for all phonon modes even at T = 10K, which means
Eg,opt(T = 10K) < Eexc − ω(F (14)g ) ≈ 3.73 eV. This ﬁnding rather supports the more recent
10Note that the intensities were not corrected for the variation of the scattering volume due to the dependence
of the absorption coeﬃcient on the temperature, which is not known for the thin ﬁlm sample. This correction
probably changes the plot quantitively, but a qualitative inﬂuence appears unlikely as the intensities of all
three phonon modes exhibit a similar temperature dependence. Further, the thickness of the thin ﬁlm gives
an upper limit for the scattering volume.
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Figure 8.19.: Detailed views of Fig. 8.18 with linear intensity scale. The polarization conﬁgura-
tion was set to (a) z(xx)z and (b) z(xy)z. The constant dark current of the detector
has been subtracted. The spectra have been shifted vertically for clarity.
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Figure 8.20.: Normalized peak areas of the A(1)g (squares), E(1)g (circles) and F (14)g mode (tri-
angles). The black and grey lines depict the temperature dependence of the peak
area for non-resonant excitation according to Eq. (1.13) for the phonon energy of
the A(1)g and F (14)g mode, respectively.
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results for the optical bandgap of Eg,opt = 3.55 eV by King et al. [126] than those by Weiher
et al. [125] of Eg,opt = 3.75 eV at room temperature. As only a marginal energetic shift of the
electronic transitions is expected for energies below 10K, a laser with tunable emission energy
would be required for further investigations, which was not available for the present studies.
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9.1. (Ga,In)2O3
9.1.1. Composition distribution
Indium gallium oxide ternary alloy (InxGa1−x)2O3 thin ﬁlms with continuous composition spread
(CCS) were grown on the substrates also used for binary Ga2O3, MgO (100) and Al2O3 (00.1)1,
yielding the respective crystal orientations in the β-phase discussed above in section 8.1.2. On
Al2O3, two ﬁlms were grown and investigated, which only diﬀer by the ﬁlm thickness. Because
they show very similar results, for most measurements only the results of one of the samples are
shown which are representative also for the other one. In the following, these samples are labelled
‘A’ (grown with 75,000 PLD pulses, thickness between 100 nm and 200 nm) and ‘B’ (grown with
150,000 PLD pulses resulting in roughly twice the thickness).
The spatial composition distribution was determined by means of EDX by Jörg Lenzner at
Universität Leipzig and is depicted in Fig. 9.1. Both ﬁlms show a monotonic change of the
composition, but besides that a rather diﬀerent behaviour. The ﬁlm grown on MgO shows a
smooth composition spread with an “S”-shape inline with predictions from simulations of the
applied PLD process. By contrast, for the sample grown on Al2O3, two regions are observed: a
shallow, mainly linear lateral increase of the indium concentration up to a concentration of about
20 at-% and a very steep increase up to a concentration of about 80 at-% within approximately
6mm. This behaviour might be explained by the occurrence of a phase separation for x >
20 at-% as discussed below. The lower limit of indium concentration obtained is approximately
x ≈ 10 at-% for the MgO substrate and below the detection limit of 0.5 at-% for the Al2O3
substrate. The upper limit is around x ≈ 80 at-% for both substrates.
9.1.2. Lattice parameters
The lattice parameters of ceramic samples were investigated as bulk-like reference for the thin
ﬁlms. These were prepared similarly to the PLD-targets by Gabriele Ramm. The composition
was determined directly from the masses of the raw powders.
Powder XRD patterns were acquired and analyzed by means of Rietveld reﬁnement [144] by
Marcus Jenderka at Universität Leipzig. The diﬀraction patterns do not show an indication for an
additional phase. Thus, a full incorporation of the supplied indium into the β-Ga2O3 host lattice
is assumed. The obtained lattice parameters show a good agreement to previously published
data [31, 130] as can be seen from Fig. 9.2. The axis lengths increase with increasing indium
corporation while the monoclinic angle β decreases. From a linear approximation, the following
dependencies of the lattice parameters are obtained: a = (12.20+1.43x)Å, b = (3.035+0.35x)Å,
c = (5.795 + 0.39x)Å and β = (103.87 − 3.3x) ◦.
For the CCS thin ﬁlms, line scans of 2θ-ω wide angle diﬀraction patterns along the gradient
were recorded by Michael Lorenz. Note that due to the width of the focus of approximately
1.5mm, a certain composition range depending on the gradient is probed simultaneously. As can
be seen from Fig. 9.3, three main regions can be distinguished, which diﬀer in details between
1The indication of the substrate orientations will be omitted in the following.
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Figure 9.1.: False colour images of the indium distribution in the (Ga,In)2O3 CCS thin ﬁlms
grown on (a) MgO (100) and (b) Al2O3 (00.1). The black dots mark the positions
of the actual measurements, the data between these points result from interpolation.
(c) and (d) Respective line scans along the gradient at the position marked by a
white line.
both substrates used: (i) For low indium concentration of x < 20 at-% for the Al2O3 and
x < 40 at-% for the MgO substrate, strong reﬂexes of β-(Ga,In)2O3 are observed. They shift
towards lower angles with increasing indium concentration. The orientation of this phase is
(2¯01) for growth on Al2O3 and (100) for growth on MgO, identically to that for binary β-Ga2O3
ﬁlms (cf. section 8.1.2). No other phases or orientations are detected by XRD in this region.
Exemplary diﬀraction patterns of this region are shown in Fig. 9.4a,d. (ii) At higher indium
concentrations, an intermediate region is observed. This is very narrow for the ﬁlm on Al2O3
substrate due to the strong increase of indium concentration in this region. In this region, the
dominant peaks from the ﬁlm in the diﬀraction pattern are observed at 28.8◦ and 59.8◦ as shown
in Fig. 9.4b,e. These cannot be assigned to either of the binary base materials, but match the
(004) and (008) peaks of the rhombohedral high pressure phase InGaO3 II [136]. In part of
this region, no signal from the ﬁlm grown on MgO is detected. (iii) At the highest indium
concentrations around x = 80 at-%, peaks of (111)-oriented bcc-In2O3 occur, which can be seen
from the exemplary diﬀraction patterns in Fig. 9.4c,f. Peaks of the (001)-oriented InGaO3 II
phase are still observed in this region, but much weaker than in region (ii).
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Figure 9.2.: Lattice parameters of β-(InxGa1−x)2O3 in dependence on the indium concentration
x. Values obtained for the ceramic samples (grey triangles) are compared to data
from bulk-like powder [130] (black squares) and from sol-gel prepared thin ﬁlms [31]
(black circles). The dashed lines are guides to the eye.
Figure 9.3.: False colour images of XRD line scans of (Ga,In)2O3 CCS thin ﬁlms. (a) Thin ﬁlm
grown on MgO. The measuring spot position was transformed into the respective
composition based on the EDX results (cf. Fig. 9.1c). (b) Thin ﬁlm grown on Al2O3.
A conversion of the position on the sample to the composition was not feasible due
to the steep slope of the indium concentration around 42mm. For comparability to
(a), the black dashed lines indicate indium concentrations of 5 at-% to 20 at-% in
equidistant steps from bottom to top. The white lines indicate the region borders
between the three regions labelled by lowercase roman numbers.
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Figure 9.4.: Exemplary XRD patterns of the (In,Ga)2O3 CCS ﬁlms grown on (a-c) Al2O3 and
(d-f) MgO, measured at the three regions (i) to (iii) from bottom to top, with indium
concentrations as indicated. Peaks due to β-(Ga,In)2O3 are labelled in blue, such
due to bcc-(Ga,In)2O3 in red and such due to rhombohedral InGaO3 II in green.
The strong peaks without labels are due to the substrate. The steps at 2θ ≈ 41◦ and
90◦ are due to the used nickel ﬁlters which cut the short wavelength bremsstrahlung
below the absorption edge of Ni.
The out-of-plane lattice spacings of the β-phase material in the ﬁlms were calculated from the
XRD peak positions2 based on the Bragg equation. The results are shown in Fig. 9.5. For the
ﬁlm grown on MgO, the out-of-plane lattice constant is smaller than expected for low indium
concentrations. It linearly increases with the indium incorporation with a slope slightly larger
than observed for the ceramic samples up to a concentration of almost 25 at-%. At this indium
concentration, a kink in the lattice parameter dependency is observed, the slope for higher indium
concentrations is signiﬁcantly reduced. The ﬁlm grown on Al2O3 shows a slightly increased out-
of-plane lattice spacing at low indium concentrations with a slope very similar to the ceramic
samples. Also for this substrate type, a kink at 24 at-% is observed, which is however situated
in region (ii).
9.1.3. Raman-active phonon modes
The ceramic samples were investigated by Raman scattering as bulk-like reference. Spectra for
the diﬀerent indium concentrations are shown in Fig. 9.6 for diﬀerent excitation energies. Most
Raman lines exhibit the expected redshift with increasing indium concentration. This results in
energies of the A(1)g and B(1)g modes below the cut-oﬀ energy of the used long pass ﬁlter. Thus,
with the setup used here these modes can only be observed for low indium concentrations. For
2The XRD peak positions for the sample grown on MgO were determined by Daniel Splith
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Figure 9.5.: Out-of-plane lattice spacings obtained from the XRD diﬀraction patterns of the β-
phase in (InxGa1−x)2O3 thin ﬁlms grown on (a) MgO and (b) Al2O3. Data points
for the thin ﬁlms are depicted as black squares, data for the ceramic samples as grey
triangles. The dashed lines are calculated from the linear approximations of the
lattice parameter dependence on the composition given in the text.
the A(2)g mode, a strong decrease of the intensity is observed until it vanishes for x ≥ 22.4 at-%.
This behaviour can also be seen in the spectra published by Vigreux et al. [5].
A comparison between the two excitation energies used exhibits some diﬀerences. At λexc =
532 nm, the intensity ratio of the strong A(3)g mode compared to most other peaks is larger than
for λexc = 325 nm as discussed above in section 8.1 for binary Ga2O3. While for λexc = 532 nm,
the relative peak intensities change only little with the indium concentration, large eﬀects are
observed for λexc = 325 nm. For example, the A(4)g mode almost vanishes at x = 14.4 at-%,
but is strongly increased in intensity for larger values of x. The intensity of the A(10)g mode
decreases monotonically with increasing x and an increasing broad background is observed in
this spectral region. This can be related to a change of resonance conditions. The photon energy
of Eph = 3.81 eV at λexc = 325 nm is much closer to the bandgap energy of β-Ga2O3 than
Eph = 2.33 eV at λexc = 532 nm. With increasing indium concentration, the bandgap is reduced
(cf. [116], [128, 129]†), strongly aﬀecting the resonance conditions for λexc = 325 nm but only
weakly for λexc = 532 nm.
As in XRD, no Raman modes due to additional phases like bcc-In2O3 were observed. However,
an additional mode appears at 484 cm−1 for the indium-rich samples starting at x = 40.3 at-% for
λexc = 325 nm and already at x = 14.4 at-% for λexc = 532 nm, increasing in intensity for larger
indium concentration. Its spectral position is constant throughout the composition range. This
mode can also be seen in the spectra published by Vigreux et al. [5] and is thus not speciﬁc to the
samples investigated here and is assumed to be an intrinsic feature of β-(Ga,In)2O3. However,
its physical nature could not be determined here.
The phonon energies of the ceramic samples were obtained by approximating the spectral lines
by Voigt functions. These values exhibit a mainly linear dependence on the indium concentration
as shown exemplarily for selected modes in Fig. 9.7a,b. The respective slopes were determined
by linear regression and are summarized in Tab. 9.1. Some modes are missing in this table.
Particularly, A(1)g and B(1)g could not be observed for x > 0 as stated above. The mode B(2)g
exhibits an asymmetric broadening for x > 14.4 at-% preventing an unambiguous determination
of its peak position. A(5)g shows a non-linear dependence as can be seen in Fig. 9.7c. This may be
an intrinsic property of this mode, but might also be caused by a superposition with the nearby
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Figure 9.6.: Raman spectra of ceramic (InxGa1−x)2O3 samples with increasing indium concen-
tration x from top to bottom as indicated in the legend, excited at (a) λexc = 325 nm
and (b) λexc = 532 nm.
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Figure 9.7.: Phonon energy of four selected Raman modes of ceramic (InxGa1−x)2O3 samples.
The dashed lines are guides to the eye.
B
(3)
g mode, which is not observed separately. Further, as mentioned above, the A(2)g mode could
only be observed for x ≤ 14.4 at-%. Thus, the slope given for that line is based solely on these
three data points shown in Fig. 9.7d restricting its reliability and range of validity.
Similar to the XRD measurements, Raman spectra of the CCS ﬁlms were recorded by means
of line scans along the gradient of the samples3. These measurements were carried out solely
at λexc = 325 nm due to the low intensity obtained for λexc = 532 nm. A parallel polarized
scattering conﬁguration with the polarization parallel to the gradient was used. In general, the
observation of both Ag and Bg modes of the β-phase is possible for this conﬁguration, but due
to their weak intensity, no Bg modes were observed individually. However, because an inﬂuence
of these modes on nearby Ag modes cannot be excluded, the observed peaks in the respective
spectral regions are regarded as mixture of both modes.
The results from Raman scattering show three regions which can be compared to the XRD
results: In region (i), only peaks due to β-(Ga,In)2O3 are observed. This extends up to an
3Measurements of one of the CCS ﬁlms grown on Al2O3 (sample B) were carried out and evaluated by Christian
Dähne in the framework of his B.Sc. thesis [45].
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Table 9.1.: Slopes of the linear approximation of the phonon energy dependency of β--
(InxGa1−x)2O3 on x, obtained from ceramic samples. All values are given in cm−1,
the errors are the doubled standard deviations of the linear regression.
Phonon mode ν¯0 dν¯dx
this work Vigreux et al. [5]
A
(2)
g 170 −40 ± 8 n/a
A
(3)
g 200 −64 ± 5 −75 ± 11
A
(4)
g 319 −125 ± 17 n/a
A
(6)
g 416 −79 ± 5 −92 ± 13
A
(7)
g /B(4)g 475 −101 ± 9 n/a
A
(8)
g 629 −131 ± 13 n/a
B
(5)
g 651 −98 ± 9 n/a
A
(9)
g 658 −45 ± 8 n/a
A
(10)
g 767 −66 ± 4 −80 ± 17
indium concentration where additional peaks in the Raman spectrum, most prominently a peak
at 260 cm−1, appear, which cannot be attributed to one of the binary base materials and are thus
assigned to the intermediate phase InGaO3 II identiﬁed from the X-ray diﬀraction patterns. This
occurs for x > 20 at-% for the samples grown on Al2O3 and for x > 30 at-% for samples grown
on MgO. Thus, the transition region is observed in Raman scattering to start already at lower
indium concentrations than indicated by XRD. This is probably due to the lower sensitivity
of the latter technique to nanocrystallites as compared to Raman scattering, which is discussed
further below.
Raman spectra of region (i) for both substrate types are shown in Fig. 9.8 in terms of false
colour images together with spectra for the lowest and highest indium concentration. Also here,
a mainly linear dependence of the mode energy on the composition is observed, similar to the
ceramic samples. For growth on MgO and excitation at λexc = 325 nm, the A(10)g mode shows
the same broadening with increasing indium concentration as it did for the ceramic samples (cf.
Fig. 9.6) . No statement for this mode is possible for the ﬁlm grown on Al2O3 because this mode
is superimposed by a strong mode of the substrate for all indium concentrations. Similarly, the
A
(6)
g mode cannot be observed for the sample on Al2O3. The A(5)g mode shows a mainly linear
dependence on the indium concentration for growth on Al2O3, but a nonlinear behaviour for the
MgO substrate.
The phonon mode energies were obtained from the spectra by approximation of the Raman
lines by Voigt functions. The resulting values for those phonon modes, for which this procedure
could be applied over the full range of region (i), are depicted in Fig. 9.9. Here, data for
both samples grown on Al2O3 are shown to illustrate their similarity and to demonstrate the
reproducibility of the method, as they show a full agreement to each other. Further, the spectrally
not resolved mode pair A(7)g /B(3)g and the mode A(8)g in Fig. 9.9c,d show a good agreement
between thin ﬁlms on both types of substrate and between the ﬁlms and the ceramic samples.
They exhibit a smooth, mainly linear line shape. The energy of mode A(3)g depicted in Fig. 9.9a
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Figure 9.8.: (b) and (e) False colour images of Raman spectra of (InxGa1−x)2O3 CCS thin ﬁlms
in dependence on x, together with spectra from the high-indium side ((a) and (d))
and from the low-indium side ((c) and (e)). (a-c) depict data for a ﬁlm grown on
MgO and (d-f) for a ﬁlm grown on Al2O3. The dashed lines are guides to the eye
for the Raman modes of the ﬁlms and the dotted lines for the modes of the Al2O3
substrate.
exhibits an oﬀset between the substrate types and a kink at x = 24 at-% similar to that observed
by XRD. Such a kink is also found at the same indium concentration for the A(6)g mode.
Raman spectra recorded in region (ii) of a CCS ﬁlm grown on Al2O3 are presented in Fig. 9.10.
Most strikingly, an additional peak occurs at 260 cm−1 at around x = 20 at-% and increases in
intensity with further increasing indium concentration. Such a peak is also observed for the
sample grown on MgO, but much weaker and only for x > 30 at-%. It can be seen in Fig. 9.8a
and at the top end of Fig. 9.8b.
In region (iii), only phonon modes due to bcc-(Ga,In)2O3 are observed as shown in Fig. 9.11.
No indications for the InGaO3 II phase were found in the Raman spectra in region (iii) for any of
the samples. This can be explained by the strong background observed in this part of the sample.
Further, in this region the exciting light is strongly absorbed resulting in the non-oberservation
of the Raman modes of the the substrate. Hence, also the absolute scattering intensity of the
InGaO3 II phase, if present, is reduced. The phonon energies of bcc-(Ga,In)2O3 show a weak shift
towards higher energies with decreasing indium and increasing gallium concentration. However,
these shifts were not analyzed quantitatively because of the presence of the additional InGaO3
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Figure 9.9.: Phonon energies of β-(InxGa1−x)2O3 in dependence on x for selected phonon modes.
Data for the thin ﬁlm samples are depicted by squares in black for the sample grown
on MgO and in green and blue for the samples A and B grown on Al2O3, respectively.
Data for the ceramic samples are shown as red triangles for comparison.
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Figure 9.10.: Raman spectra of a (InxGa1−x)2O3 CCS thin ﬁlm grown on Al2O3 in the compos-
ition region (ii). The asterisk marks the additional mode at 260 cm−1.
II phase which prevents the determination of the gallium concentration in the bcc-(Ga,In)2O3
lattice. The resonance-like feature around 215 cm−1 observed for undoped binary In2O3 (cf.
section 8.2) samples is not found in these spectra, similarly to the ﬁndings for doped binary
samples.
9.1.4. Discussion
No indications of additional phases were observed in XRD or Raman spectroscopy in the whole
composition range of the investigated ceramic samples as expected from previous reports [5,130,
131], indicating a full incorporation of the supplied indium into the β-Ga2O3 host lattice. This
allows to equate the absolute indium concentration in the sample with the indium concentration
in the β-(InxGa1−x)2O3 phase. From these samples, the energy dependence of the phonon
modes on the indium concentration in the β-phase was obtained. The data points exhibit lower
scattering than those reported by Vigreux et al. [5], resulting also in smaller errors in the obtained
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Figure 9.11.: Raman spectra of a (InxGa1−x)2O3 CCS thin ﬁlm grown on Al2O3 in the compos-
ition region (iii), acquired from the position of highest indium concentration (black
line) and from a position 6mm along the gradient towards lower indium concen-
tration. The dashed lines mark the observed peak positions in the spectrum of the
highest indium concentration.
slopes given in Tab. 9.14. The data of Vigreux et al. show a steeper slope than those presented
here, but they still agree with each other within the statistical error. However, the deviating slope
and the stronger scattering of the data in that publication [5] may be caused by uncertainties
in the determination of the indium concentration. To verify this assumption, the phonon energy
dependence for the mode A(3)g (ν5 in their notation) obtained here was applied to recalculate the
actual composition of the individual samples of Vigreux et al.. This way, slopes of (−80±4) cm−1
and (−72±6) cm−1 were obtained for A(6)g (ν9) and A(10)g (ν15), respectively. Besides the smaller
error, these values are in very good agreement to the results presented here. A further indication
for the improved quality of the data set by the recalculation is the intersection of the linear
approximation with the y-axis. After recalculation of the compositions, it is in better agreement
with the phonon energy of binary Ga2O3 determined by Vigreux et al., for which the composition
is assumed to be known exactly.
The results for the PLD-grown (InxGa1−x)2O3 CCS thin ﬁlms also indicate a full incorporation
of the indium present in the ﬁlm into the β-phase in region (i). Consequently, the indium
concentration determined by EDX is assumed to be identical to the indium concentration x in
the β-(InxGa1−x)2O3 lattice. The very good agreement of the phonon energies in dependence
on the composition to that of the ceramic samples corroborates this assumption. However,
deviations to the ceramic samples and between the diﬀerent substrates were found for some of
the phonon modes, particularly for the A(3)g and the A(6)g mode. These modes appear to be more
sensitive to structural properties, i.e. variations in the lattice spacings as observed by XRD,
resulting in a kink in the phonon energy dependence at the very same composition as it is found
for the lattice spacings. This may also explain the oﬀset of the phonon energy of the A(3)g mode
between the two diﬀerent substrate types. The diﬀerent deviations from the bulk lattice spacings
for the two substrates are probably related to the diﬀerent oxygen pressures during growth, which
may eﬀect the (oxygen) stoichiometry of the ﬁlm (cf. [145]). Tensile in-plane strain of the sample
4The slopes were not given explicitly in the original publication, but only the respective scattering plots. The
values given here were obtained by digitization of the data points and a linear approximation to these data
identical to the treatment applied to the own results.
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grown on MgO due to lattice mismatch appears unlikely, because no such strain was found for
the binary sample (cf. section 8.1.2).
The rhombohedral InGaO3 II phase has been observed before only in samples prepared under
high pressure of more than 0.3GPa [136]. However, once synthesized, this phase was found
to be thermally stable. Opposite to the majority of studies on the (Ga,In)2O3 compound,
which used samples prepared in equilibrium, the PLD process applied here is a non-equilibrium
process. Thus, the formation of such crystallites is possible even far oﬀ the conditions required in
equilibrium. Additional modes ascribed to this phase were observed in Raman spectra at lower
indium concentrations than required to observe the additional phase in XRD. This indicates
that for lower indium concentrations, only very small crystallites of this phase form which are
not detected in XRD due to the missing long-range ordering. Consequently, the limits for single-
phase growth of β-(Ga,In)2O3 are determined more reliably by Raman spectroscopy.
9.2. (Ga,Al)2O3
9.2.1. Composition distribution
For the growth of a (Ga,Al)2O3 CCS thin ﬁlm, only MgO (100) was used as substrate, because
a determination of the aluminium concentration in the thin ﬁlm from EDX is not possible due
to the aluminium in the Al2O3. The spatial distribution of the composition as determined by
means of EDX by Jörg Lenzner at Universität Leipzig is shown in Fig. 9.12. It is similarly
homogeneous as the (Ga,In)2O3 sample grown on MgO. The composition range reaches from
about 10 at-% to 65 at-%. The obtained maximum aluminium concentration is distinctly larger
than the maximum indium concentration achieved for the (Ga,In)2O3 ﬁlm on MgO suggesting
a weaker ablation of the Al2O3 segment of the target compared to the In2O3 segment, probably
due to the large bandgap energy of Al2O3.
9.2.2. Lattice parameters
Ceramic samples of (Ga,Al)2O3 were investigated as bulk-like reference similar to the procedure
for (Ga,In)2O3. The samples were prepared by Gabriele Ramm at Universität Leipzig by pressing
and sintering of the mixed powders at 1550 ◦C for 15 h. The atomar composition was determined
from the masses of the raw powders and the molar masses of the components.
Powder XRD patterns were acquired and analyzed by means of Rietveld reﬁnement [144]
by Marcus Jenderka at Universität Leipzig. The diﬀraction patterns exhibit single phase β-
(Ga,Al)2O3 for aluminium concentrations below 40 at-%. For higher aluminium concentration,
dominantly γ-(Ga,Al)2O3 is found, which has a cubic defect-spinel structure. The sample with
44 at-% aluminium unambiguously exhibits small contributions of the β-phase. The respective
peak intensities indicate a fraction of 4% of β-(Ga,Al)2O3.5 For even higher aluminium con-
centrations, only hints on the β-phase with concentrations in the order of the detection limit of
approximately 1% are observed in the XRD data.
The dependence of the obtained lattice parameters on the aluminium concentration in the
samples is depicted in Fig. 9.13. The axis lengths shrink with increasing aluminium concentration,
thereby exhibiting a strong nonlinear behaviour. Thus, Vegard’s rule does not apply for these
parameters. However, in this composition range they can be reasonably approximated by a
quadratic function without a linear term, shown as solid line in Fig. 9.13. On the contrary,
the monoclinic angle β in Fig. 9.13 increases linearly with incorporation of aluminium. The
5This composition only includes crystallites which are actually observed by XRD. Due to the possible presence
of nanocrystallites with insuﬃcient long-range ordering, the concentration may be signiﬁcantly diﬀerent.
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Figure 9.12.: (a) False colour image of the aluminium distribution in the (Ga,Al)2O3 CCS thin
ﬁlm grown on MgO (100). The black dots mark the positions of the actual meas-
urements, the data between these points result from interpolation. (b) Line scan
along the gradient at the position marked by a white line.
observed lattice parameter dependencies can be approximated as follows: a = (12.20 − 1.5x2)Å,
b = (3.035 − 0.48x2)Å, c = (5.801 − 0.63x2)Å and β = (103.87 + 0.50x) ◦. No reliable literature
values for the individual lattice parameters are available. Only Jaromin and Edwards [132]
published the unit cell volume in dependence on the aluminium concentration in the β-phase for
samples prepared by sintering at 1400 ◦C. They claimed to observe a linear dependence on the
composition, but the three data points in the composition range investigated here also exhibit
a rather curved than linear trend, as far as this can be judged from that small number of data
points. In any case, only small deviations between the two data sets are visible.
The aluminium concentration in the γ-phase of the samples with high aluminium content
cannot be determined unambiguously due to the presence of the β-phase. However, particularly
the Raman measurements indicate only small changes of the relative amount of aluminium
incorporated into the β-phase for these samples (see below). Thus, also considering the small
concentration of the β-phase, the aluminium concentration in the γ-phase is assumed to be nearly
identical to that in the whole sample. With this assumption, the lattice parameter in dependence
on the aluminium concentration was also determined for this phase as shown in Fig. 9.15. A
decrease of the axis length similar to the β-phase is found showing a linear trend, as far as a
judgement is possible from only three data points. A linear approximation yields the dependence
a = (8.28 − 0.374x)Å. The extrapolated values of a = 8.28Å for γ-Ga2O3 and a = 7.91Å for
γ-In2O3 are in good agreement to values of a = 8.24Å [146] and a = (7.91 . . . 7.94)Å [147, 148]
reported in the literature for the respective binary materials.
Analogously to the (Ga,In)2O3 ﬁlms, the lattice parameters of the (Ga,Al)2O3 CCS thin ﬁlm
were investigated by means of an XRD wide angle line scan. As can be seen from the result
in Fig. 9.16, this sample can be divided into two regions: In region (i) between an aluminium
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Figure 9.13.: Lattice parameters of β-(AlxGa1−x)2O3 in dependence on the aluminium concen-
tration x (black triangles). The solid lines represent quadratic (a,b and c) and linear
approximations (β) of the lattice parameter dependence on x.
             
 

  
 
 

 
 



 	


Figure 9.14.: Unit cell volume V of ceramic β-(AlxGa1−x)2O3 samples (grey triangles) in de-
pendence on the aluminium concentration x. Literature data [132] are shown as
black squares for comparison.
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Figure 9.15.: Lattice parameter a of ceramic γ-(AlxGa1−x)2O3 samples (black triangles) in de-
pendence on the aluminium concentration in the sample. The solid line represents
a linear approximation of the lattice parameter.
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Figure 9.16.: False colour images of an XRD line scans of the (Ga,Al)2O3 CCS thin ﬁlm grown on
MgO. The measuring spot position was transformed into the respective composition
based on the EDX results (cf. Fig. 9.12b).
concentration of 0 at-% and approximately 50 at-%, single-phase β-(Ga,Al)2O3 in the expec-
ted (100) orientation is observed. An exemplary diﬀraction pattern of this region is shown in
Fig. 9.17a. At an aluminium concentration of 50 at-%, the sample exhibits an abrupt phase
transition, thus the region of higher aluminium concentration is labelled region (ii). Coincident
to the disappearance of the peaks due to (100) β-(Ga,Al)2O3, two new peaks are found at ap-
proximately 45.5◦ and 101◦ (see Fig. 9.17b), in the vicinity of the (600) and (12 00) peaks of
the β-phase. These peaks in region (ii) are between the values expected for the (400) and the
(800) planes of γ-Ga2O3 and γ-Al2O3 (see above), for which no other reﬂexes are expected for
the (100)-orientation. Thus, the thin ﬁlm material in region (ii) is assigned to the γ-phase. As
far as this can be judged with the available spatial resolution, no intermixing of both phases is
observed at any position of the sample.
The out-of-plane lattice parameters of the thin ﬁlm were determined from the angular position
of the diﬀraction peaks, which were determined by Daniel Splith, and are depicted for the β-phase
in Fig. 9.18a, showing a surprising behaviour. Oppositely to the expected monotonic decrease of
the lattice constant, it actually increases up to x ≈ 22 at-%, before it decreases again. Besides
that, it is almost constant, i.e. it changes by only 0.06Å corresponding to a relative variation
of 0.5% between x = 0 at-% and x = 40 at-%. In this whole composition range, the out-of-
plane lattice parameter is distinctly smaller than that of the bulk-like ceramics as can be seen
from the relative deviation in Fig. 9.18b which was calculated based on the quadratic equation
for a(x) given above. Such a smaller out-of-plane lattice parameter compared to the ceramic
samples is similarly observed for the γ-phase material (see Fig. 9.19). The dependency on the
composition shows a monotonic decrease with increasing aluminium concentration as expected,
but the relative shift is also signiﬁcantly smaller than for the ceramic samples.
9.2.3. Raman-active phonon modes
Raman spectra of the ceramic samples for which only β-phase (Ga,Al)2O3 was observed are
shown in Fig. 9.20 for both excitation energies. Oppositely to (Ga,In)2O3, no distinct diﬀerences
in the composition dependence between the diﬀerently excited Raman spectra is observed. On
the contrary, the diﬀerences observed for binary Ga2O3 decrease in the presence of aluminium
in the sample. Further, particularly the Raman modes in the medium energy region from A(4)g
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Figure 9.17.: Exemplary XRD patterns of the (Al,Ga)2O3 CCS ﬁlm grown on MgO, measured
at the two regions (a) (i) and (b) (ii), with aluminium concentrations as indicated.
The high intensity peaks without labels are due to the MgO substrate. The steps at
2θ ≈ 41◦ and 90◦ are due to the used nickel ﬁlters which cut the short wavelength
bremsstrahlung below the absorption edge of Ni.
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Figure 9.18.: (a) Out-of-plane lattice parameters obtained from the XRD diﬀraction patterns of
the β-phase. (b) Relative deviation of the out-of-plane lattice parameter from the
bulk value.
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Figure 9.19.: Out-of-plane lattice parameters obtained from the XRD diﬀraction patterns of the
γ-phase.
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Figure 9.20.: Raman spectra of ceramic (AlxGa1−x)2O3 samples with low aluminium concentra-
tion x increasing from top to bottom as indicated in the legend, excited at (a)
λexc = 325 nm and (b) λexc = 532 nm.
to B(4)g show a very strong broadening so that they could not be separated and thus no energy
dependence on the composition could be obtained for these modes.
All modes, for which the phonon energy could be determined in dependence on the composition,
show a mainly linear trend (cf. Fig. 9.24). These dependencies were approximated with linear
functions, the slopes of which are summarized in Tab. 9.2.
The Raman spectra of the ceramic samples for which dominantly the γ-phase was found
from XRD diﬀer strongly from those of the samples with lower aluminium concentration. For
excitation at λexc = 325 nm (see Fig. 9.21a), no peaks related to the β-phase are observed.
Instead, several new features in the spectrum are observed, the two most intense of which are
labelled in the ﬁgure. These are assigned to the γ-phase of (Ga,Al)2O3, but no symmetry
assignment can be performed due to the polycrystalline nature of the sample. These modes are
similarly observed for λexc = 532 nm (see Fig. 9.21b), but at this excitation energy also peaks
originating from the β-phase occur.
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Table 9.2.: Slopes of the linear approximation of the phonon energy dependency of β--
(AlxGa1−x)2O3 on x, obtained from ceramic samples. All values are given in cm−1,
the errors are the doubled standard deviations of the linear regression.
Phonon mode ν¯0 dν¯dx
A
(1)
g /B(1)g 114 31 ± 2
B
(2)
g 145 42 ± 7
A
(2)
g 170 23 ± 3
A
(3)
g 200 64 ± 7
A
(7)
g /B(4)g 475 71 ± 12
A
(8)
g 629 79 ± 12
B
(5)
g 651 37 ± 4
A
(9)
g 658 94 ± 8
A
(10)
g 767 74 ± 6
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Figure 9.21.: Raman spectra of ceramic (AlxGa1−x)2O3 samples with high aluminium concen-
tration x increasing from top to bottom as indicated in the legend, excited at (a)
λexc = 325 nm and (b) λexc = 532 nm. The phonon modes assigned by γ1 and
γ2 are assigned to the γ-phase, the other two labelled modes are assigned to the
β-phase.
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Figure 9.22.: (a) Phonon energies of the A(3)g (black symbols) and the A(10)g mode (grey symbols)
in dependence on the aluminium concentration. The squares and circles indicate the
phonon mode energies obtained from targets dominantly consisting of β-(Ga,Al)2O3
and γ-(Ga,Al)2O3, respectively, the dashed lines are guides to the eye indicating
the slope of the square symbols. (b) Phonon mode energies of the modes γ1 (black
circles) and γ2 (grey circles) in dependence on the aluminium concentration. The
dashed lines are guides to the eye.
The phonon energies of the β-phase in these three samples are compared to those from samples
with lower aluminium concentration in Fig. 9.22. For the A(3)g mode, the composition dependence
is the same for both sample types. The A(10)g mode of the aluminium-rich samples exhibits slightly
smaller phonon energies than expected from the extrapolation of the composition dependence,
but the slope is similar. Thus, the aluminium concentration can be assumed to be close to the
concentration supplied in the sample. The dependencies for the two modes γ1 and γ2 are shown
in Fig. 9.22. As far as a judgement is possible, also these modes show a linear behaviour.
The phonon modes of the CCS thin ﬁlm were investigated by means of a line scan along its
composition gradient. Solely excitation at λexc = 325 nm was applied due to the too weak signal
for λexc = 532 nm. The resulting spectra from region (i) are given in terms of a false colour image
in Fig. 9.23 together with two individual spectra. A monotonic shift towards higher energies
with increasing aluminium concentration is observed for all spectral features originating from
the ﬁlm. The intensity of the Raman modes decreases with aluminium concentration, allowing
only to observe the A(3)g and A(10)g modes in the full range of region (i). Two diﬀerences to the
behaviour of the ceramic samples are worth noting. The phonon modes A(4)g , A(5)g and the mode
pair A(7)g /B(4)g are still observable separately for moderate aluminium concentrations. Further,
the mode pair A(9)g /B(5)g could not be separated (similar to the binary ﬁlms, cf. section 8.1.2),
but the A(8)g mode exhibits an intensity similar to that double peak and can be observed for
a wide composition range. For the ceramic samples, this mode is very weak and disappears as
shoulder of B(5)g for concentrations above x ≈ 30 at-% (see Fig. 9.20).
The phonon mode energies were obtained by means of approximation of the respective peaks
by Voigt functions. Their dependencies on the aluminium concentration for the four modes, for
which this procedure was possible in a wide composition range, are depicted in Fig. 9.24. The
modes A(3)g , A(8)g and A(9)g /B(4)g exhibit a mainly linear trend, which is in good agreement with
the data obtained from the ceramic samples. However, a slight bowing is observed for A(3)g .
The much better agreement of the slope of the unresolved A(9)g /B(4)g peak to that of the A(9)g
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Figure 9.23.: (a) False colour image of Raman spectra of the (AlxGa1−x)2O3 CCS thin ﬁlm grown
on MgO in dependence on x. (b) and (c) Spectra from the high-indium side and
from the low-indium side, respectively. The dotted line indicates a multi-phonon
mode of the MgO substrate.
mode strongly indicates that actually only the A(9)g mode, but not the B(4)g mode is observed for
the thin ﬁlm. Contrary to the other modes, the composition dependence of the A(10)g is clearly
nonlinear, with a steeper slope at lower aluminium concentrations. Despite that, the energies of
this phonon mode are also close to those of the ceramic samples.
In region (ii) of the CCS sample, no peaks due to β-(Ga,Al)2O3 were observed. These spectra
are dominated by the multi-phonon spectrum of the MgO substrate. Only slight diﬀerences to a
Raman spectrum of a bare MgO substrate were found. Particularly, in the spectral region of the
γ2 mode found from the ceramic samples, a weak and broad additional peak appeared. However,
due to the very weak intensity, an evaluation of this data is not feasible. Thus, Raman results
from region (ii) of the sample are not further discussed here.
9.2.4. Discussion
The ceramic (AlxGa1−x)2O3 samples show a full incorporation of the supplied aluminium into
the β-Ga2O3 host lattice for concentrations up to x ≈ 38 at-% for the preparation conditions
used. This limit is lower than the highest aluminium concentrations reached in other reports for
β-(AlxGa1−x)2O3, where solubility limits between 66 at-% [133] and 78 at-% [132] were found.
This is probably related to the sintering temperature of 1550 ◦C, which is higher than in those
previous reports. Stalder and Nitsch also used this preparation temperature and observed the
formation of the γ-phase at lower aluminium concentration similar to the results presented here.
Because the material is single-phase in this composition range, the properties of β-(AlxGa1−x)2O3
crystals could be determined in dependence on x. While the lattice parameters themselves are
in agreement with data found in the literature, they clearly show a nonlinear composition
dependence in contradiction to previously made assumptions. This implies for example the
necessity for a reinterpretation of the solubility limits, particularly those presented by Jaromin
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Figure 9.24.: Phonon energies of β-(AlxGa1−x)2O3 in dependence on x for selected phonon
modes. Data for the thin ﬁlm samples are depicted by black squares and that
for the ceramic samples as grey triangles for comparison. In (c), data for the A(9)g
mode are shown as dark grey and such for the B(4)g mode as light grey symbols.
and Edwards [132], because for the determination of these limits the validity of Vegard’s rule
was presumed.
Oppositely to the lattice parameters, no distinct deviation from a linear composition depend-
ence was found for the Raman-active phonon modes. The obtained slopes make the determina-
tion of the composition from the Raman spectra feasible. No such values from the literature are
available for comparison.
Inferences on the bandgap of β-(AlxGa1−x)2O3 can be drawn from the relative intensities
of the diﬀerently excited Raman spectra. Contrary to (Ga,In)2O3, the spectra equalize with
increasing aluminium incorporation for excitation at λexc = 532 nm and λexc = 325 nm. This
can be explained by a shift of the bandgap away from resonant conditions for λexc = 325 nm, i.e.
towards higher energies as it is expected for the incorporation of aluminium and also observed by
ellipsometry and transmission measurements (not shown). On the contrary, diﬀerences between
the excitation energies were found for the samples containing the γ-phase. However, the intensity
of the γ-(AlxGa1−x)2O3 related features is weak for both excitation energies, thus this ﬁnding can
hardly be explained by resonant enhancement. More probably, absorption of the higher energy
photons at λexc = 325 nm occurs decreasing the scattering volume and thereby the probability
to have a suﬃcient intensity from β-phase crystallites to observe them in the Raman spectra.
Interestingly, the intensity of the β-phase related peaks at λexc = 532 nm drops only little for the
samples with high aluminium concentration (by approximately a factor of 2), i.e. much less than
expected from the XRD results. Thus, a large number of crystallites too small to be observed by
XRD, but suﬃciently large for Raman scattering, can be assumed to be present in these samples.
The out-of-plane lattice parameters of the CCS thin ﬁlm exhibit an unexpected composition
dependence and are signiﬁcantly reduced compared to the bulk values. Strain due to the lattice
mismatch to the substrate might be an explanation for this observation, but is even more unlikely
than for the (Ga,In)2O3 ﬁlm because the b lattice parameter decreases with increasing aluminium
concentration. This results in an increased lattice mismatch to the face diagonal of the MgO unit
cell and thus promoting the relaxation of the thin ﬁlm. More probably, internal strain due to
defects or non-ideal oxygen stoichiometry may be responsible for the reduced out-of-plane lattice
parameter.
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The mainly linear composition dependence of the phonon modes A(3)g , A(8)g and A(9)g of the
CCS ﬁlm is in good agreement to the data from the bulk samples, independent from the non-
monotonic behaviour of the out-of-plane lattice parameter. This indicates the practicability to
reliably determine the aluminium concentration in the thin ﬁlm from the spectral position of
these Raman modes. On the contrary, this appears not be feasible for the A(10)g mode with
its nonlinear composition dependence. Probably, this mode exhibits a higher sensitivity to the
structural properties causing the unusual composition dependence of the out-of-plane lattice
parameter. It is noteworthy that the A(3)g mode, which clearly showed a correlation between
out-of-plane lattice parameter and phonon energy in the β-(In,Ga)2O3 alloy, only shows a small
deviation from a linear behaviour for β-(Al,Ga)2O3.
The diﬀerences in the overall appearance of the Raman spectra between thin ﬁlms and ceramic
samples may be a related to the fact that the thin ﬁlms are well-oriented (with four rotation
domains, cf. section 8.1.2), while the crystallites in the ceramic sample are randomly oriented.
As a result, some of the broad modes in the medium spectral range might be suppressed in the
thin ﬁlm for the scattering geometry used, thus revealing the otherwise superimposed modes as
isolated peaks.
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In chapter 8, Raman scattering in the binary materials Ga2O3 and In2O3 were investigated. The
following results were obtained for β-Ga2O3:
• The phonon mode energies and line widths are essentially identical for the ceramic sample
and the single crystals.
• Thin ﬁlms grown on MgO (100) exhibit slightly decreased, such grown on Al2O3 slightly
increased phonon energies relative to the bulk values, related to the diﬀerent growth con-
ditions and crystallographic directions. The line broadening for growth on both types of
substrate is similarly increased with respect to the bulk samples.
• Raman tensor elements were obtained from single crystals with two diﬀerent orientations
((010) and (2¯01)) for excitation at λexc = 532 nm and λexc = 325 nm. A variation of the
individual Raman tensor elements with the excitation energy was found, indicating a slight,
anisotropic resonance eﬀect.
• An application of the Raman tensor elements obtained for the single crystals to the rel-
ative scattering intensities of the (2¯01)-oriented thin ﬁlm failed. Consequently, a strong
dependence of the Raman tensor elements on the crystal properties is concluded.
The main ﬁndings for bcc-In2O3 are summarized as follows:
• Excitation at λexc = 325 nm results in a strong resonant enhancement of the Raman modes.
Thereby, all Raman-active phonon modes of bcc-In2O3 were observed experimentally.
• Most of the phonon modes could also be observed for the thin ﬁlm samples, allowing to
verify their symmetry according to the Raman selection rules. A compliance to theoretical
predictions in the literature [6] was found.
• The Raman intensities further increase for decreasing temperature down to T = 10K due
to an energetic shift of the optical bandgap towards the energy of the exciting photons.
This behaviour is monotonic for all phonon modes indicating that the respective electronic
transition is below E = 3.81 eV even at T = 10K.
• Additional features in the spectra were found, particularly an interference-like intensity
dip at around ν¯ = 215 cm−1, which can be modelled using a Fano resonance line shape.
This feature disappears if extrinsic defects are incorporated, particularly already for the
introduction of 0.1wt-% of MgO. At T = 10K, this interference-like feature disappears
and a narrow peak is observed at the respective spectral position.
The phonon mode energies of the ternary alloys (Ga,In)2O3 and (Ga,Al)2O3 were investigated
and related to structural properties of these materials. Results from ceramic samples used as
bulk-like references were compared to data obtained from thin ﬁlms grown by PLD with a
continuous composition spread. The main ﬁndings for the (Ga,In)2O3 alloy are the following:
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• The lattice parameters of the β-type unit cells of the investigated ceramic samples with
indium concentrations up to 40 at-% show mainly linear dependencies on the indium con-
centration. The axis parameters increase with increasing indium concentration, while the
monoclinic angle decreases. No additional phases were detected, thus the indium was fully
incorporated into the β-Ga2O3 host lattice.
• The phonon modes analogously show a linear decrease with increasing indium concentra-
tion.
• For the CCS thin ﬁlms, a full incorporation of the indium into the β-Ga2O3 lattice was
found for indium concentrations below 20 at-% and 30 at-% for growth on Al2O3 (00.1) and
MgO (100), respectively. For higher concentrations, ﬁrst the formation of the rhombohedral
InGaO3 II phase and then of bcc-In2O3 was found.
• In the composition ranges of the β-phase, the out-of-plane lattice parameters of the ﬁlms
grown on Al2O3 were close to the bulk values, while for the ﬁlms on MgO a deviation
towards smaller values was found. The slope of the out-of-plane lattice spacings was similar
to the bulk values for indium concentrations below 20 at-%, for higher concentrations a
kink in the data was found.
• For the phonon mode energies, mainly a linear dependence on the indium concentration
was found for growth on both substrates, in good agreement to each other and to the
ceramic samples. Only for the A(3)g mode, and to a lesser extent for the A(6)g mode, a
small oﬀset between the ﬁlms grown on the diﬀerent substrates and a kink at the identical
composition as for the lattice spacings were found. This indicates an increased sensitivity
of these particular on the structural properties of the material.
The investigations of (Ga,Al)2O3 yielded the following main results:
• The ceramic samples exhibited single-phase β-(Ga,Al)2O3 for aluminium concentrations
up to 44 at-% and mainly γ-(Ga,Al)2O3 with small inclusions of the β-phase for higher
aluminium concentrations.
• The lattice parameters corresponding to the axes’ lengths of the β-phase exhibit a strong
non-linear behaviour, which can be described well by a quadratic equation in the accessible
composition range. Their values decrease with increasing aluminium concentration. The
monoclinic angle increases linearly.
• The phonon mode energies of the β-phase show a linear dependence on the aluminium
concentration.
• For the ceramic samples dominated by the γ-phase, no indications on the β-phase are found
for excitation at λexc = 325 nm, but its phonon modes could be observed for all samples
using excitation at λexc = 532 nm.
• The CCS thin ﬁlm exhibited single-phase β-(Ga,Al)2O3 for aluminium concentrations
up to approximately 50 at-%. For higher aluminium concentrations, the single-phase γ-
(Ga,Al)2O3 was found.
• In the β-phase, a non-monotonic and very small change of the out-of-plane lattice spacing
was observed. It is signiﬁcantly smaller than the bulk value.
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• Three of the four phonon modes, which could be observed in the major part of the entire
composition range, exhibit an almost linear dependence in agreement to the bulk values,
despite the strongly strained lattice. The A(10)g mode exhibited a non-linear behaviour,
somewhat similar to that of the out-of-plane lattice spacing, but still in reasonable agree-
ment to the bulk values.
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In the present thesis, basic properties of resonant Raman scattering in wide-bandgap semicon-
ductors were investigated and it was applied for material characterization. As detailed below, a
model was developed enhancing the understanding of the mechanisms involved in 1LO scattering
of semiconductors with wurtzite structure excited above the bandgap. This fundamental work is
essential for the interpretation of such Raman spectra and further enables novel applications like
the presented possibility to probe changes at the ZnO surface by Raman spectroscopy. Further,
the Raman tensor elements of β-Ga2O3 were obtained and showed individually diﬀerent changes
with the excitation energy, hinting for anisotropic resonant enhancement. By excitation close to
the optical gap of In2O3, all 22 Raman active phonon modes were observed for the ﬁrst time and
their symmetry was assigned based on the Raman selection rules. Finally, the Raman spectra
of thin ﬁlms of the material system (Ga,In,Al)2O3 were obtained and the usability of Raman
spectroscopy for the determination of their composition was demonstrated.
A conclusive model describing the 1LO Raman scattering in wurztite-structured semiconduct-
ors excited above the bandgap was introduced. It is consistent with many experimental ﬁndings
which were not explained without contradictions to experimental results before. Additional ex-
periments were presented here to verify the validity of the model. Particularly, the spectral
position of the 1LO line was shown to be independent from a tilt of the sample relative to the
propagation direction of the photons. The model considers two individual contributions to the
1LO scattering process: scattering at the surface (s1LO) and at point defects (i1LO). Because
of the anisotropy of the wurtzite crystal structure, these can be distinguished by their spectral
position. Further, diﬀerent polarization properties were found for the two processes allowing to
distinguish between them by selecting the appropriate polarization conﬁguration. Particularly,
the i1LO process is observed in the parallel polarized and also weakly in the cross polarized con-
ﬁguration while the s1LO process appears to be strictly parallel polarized. These two distinct
processes allow an insight in material properties beyond the phonon mode energies. The i1LO
contribution gives information about defects present in the material, while the s1LO contribution
is highly surface-sensitive and can be used to probe changes at the sample surface.
Further, the impact of free charge carriers on the large wave vector LO phonon modes,
which participate in Raman scattering of wurtzite-structured semiconductors excited above the
bandgap, was studied theoretically and experimentally for ZnO. A decrease of the LO phonon
energy with increasing charge carrier concentration was found, in agreement to a model for
screening of the macroscopic electric ﬁeld of large wave vector LO phonons in GaAs, which was
adopted for the present investigations. The charge carriers may either be introduced by doping
or optically excited. These ﬁndings allow an at least qualitative estimation of the charge car-
rier concentration present within the excitation spot. Further, the results imply the necessity
of a suﬃciently low excitation power density to obtain the correct LO phonon energies without
screening. Particularly for bulk-like samples (single crystals, thin ﬁlms), the screening was found
to set in for excitation power densities before any heating of the sample was observed.
An application of the aforementioned eﬀects was given for the investigation of the ZnO surface.
A shift of the 1LO line of ZnO towards lower energies was observed if the sample was placed
in an oxygen-poor atmosphere during the measurement. This is interpreted as the screening
of the LO mode due to a surface charge accumulation layer, only aﬀecting the surface-sensitive
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s1LO line. Further, an illumination time-dependent behaviour of the 1LO line was found, which
could only be observed under certain conditions not yet conclusively explored. Analogously to
the ﬁndings under oxygen-poor atmosphere, this was interpreted as a depletion of an initially
present accumulation layer at the surface. These ﬁndings make it necessary that, prior to the
investigation of the spectral position of the 1LO line in ZnO, its constancy with illumination
time is veriﬁed.
The Raman investigation of binary and ternary sesquioxide thin ﬁlms of the (Ga,In,Al)2O3
system was enabled by the use of an excitation at λexc = 325 nm. This did allow to characterize
the phonon mode properties of such samples. Also, fundamental investigations of the binary
materials Ga2O3 and In2O3 in their most stable modiﬁcations were carried out.
From high-quality single crystals of β-Ga2O3, the Raman tensor elements of the Ag modes
were obtained for the two crystal orientations (010) and (2¯01) and for excitation at λexc = 532 nm
and λexc = 325 nm. These describe the relative intensities between the observed Raman modes
and can be used for example to determine the in-plane orientation of a given sample with one of
the mentioned out-of-plane orientations. The tensor elements changed non-uniformly with the
excitation energy, indicating an anisotropy of the resonance enhancement of the Raman eﬀect.
The changes appear to be mostly unsystematic, but particularly the values of the Raman tensor
elements obtained for the (2¯01)-oriented crystal were found to increase relatively to the values
for the (010)-oriented sample for a change from λexc = 532 nm to λexc = 325 nm.
The excitation energy of Eexc = 3.81 eV for λexc = 325 nm is closely above the optical bandgap
of bcc-In2O3. Thus, a strong resonant enhancement was found for this excitation energy, by which
all 22 phonon modes of In2O3 were observed. The knowledge on these phonon modes is essential
for the interpretation of Raman spectra of this material, particularly for the identiﬁcation of
additional features in the spectra. Such were also found and discussed here, particularly an
interference-like feature at 215 cm−1 exhibiting interesting properties. For example, it vanishes
already for the incorporation of a small amount of extrinsic atoms. A further increase of the
resonance enhancement at λexc = 325 nm was found for decreasing sample temperatures. The
results show that the electronic transition resulting in the strong absorption for energies above
the optical gap of bcc-In2O3 is below the excitation energy of Eexc = 3.81 eV even for T = 10K.
The phonon mode properties of the ternary compounds (Ga,In)2O3 and (Ga,Al)2O3 were stud-
ied in dependence on the composition and compared to ﬁndings from structural investigations.
For bulk-like ceramic samples, these dependencies were obtained for the phonon energies in the
β-phase and were found to be essentially linear. The same is true for the lattice parameters
of β-(Ga,In)2O3, but not for β-(Ga,Al)2O3, which exhibits a quadratic dependence of the axis
parameters. This deviation from Vegard’s rule needs to be taken into account for the interpret-
ation of XRD data for this material, e.g. when applied to determine the solubility limit [132].
The thin ﬁlms were prepared by applying a continuous composition spread approach for PLD.
For these ﬁlms, very comprehensive data sets were obtained. Their out-of-plane lattice plane
distances exhibit signiﬁcant deviations from the bulk values, particularly for growth on MgO.
Thus, a direct assignment of a PLD-grown sample’s composition from the lattice plane distances
appears problematic. However, the dependence of the phonon mode energies on the composition
in the β-phase was found to be widely independent from this, showing a mainly linear beha-
viour. Only some modes exhibited small but signiﬁcant deviations from this linear behaviour
and reﬂected the composition dependencies of the lattice spacings to some extent. Thus, the
phonon mode energies have been shown to be useful for the determination of the composition of
these ternary compounds. This is possible with a reasonably high precision based on the phonon
energy dependencies obtained from the ceramic samples.
For the thin ﬁlms of both ternary compounds, phase separation was found above a critical
indium and aluminium concentration, respectively. In (Ga,In)2O3, the formation of the rhombo-
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hedral phase InGaO3 II was found for indium concentrations above 20 at-% (Al2O3 substrate)
and 30 at-% (MgO substrate), occurring in solid solution with the β-phase. At indium concen-
trations above 70 at-%, also the formation of the bixbyite-type modiﬁcation similar to binary
In2O3 was found. The (Ga,Al)2O3 thin ﬁlm exhibited the formation to the γ-modiﬁcation for
aluminium concentrations above 50 at-%. Here, no intermixing of the β- and γ-phase was ob-
served. For γ-(Ga,Al)2O3, the Raman spectrum was recorded from the ceramic samples and was
also investigated in dependence on the aluminium concentration within a narrow composition
range. However, due to its weak signal, it was not unambiguously observed for the thin ﬁlm
samples. A characteristic Raman mode was ascribed to the InGaO3 II phase. The investigation
of this mode appeared to be more sensitive than the detection of that phase from XRD, probably
due to the sensitivity of Raman spectroscopy also to small crystallites.
The results of the present work enable various applications for material characterization. Ra-
man spectroscopy was shown to be a powerful tool for the characterization of ternary sesquioxide
alloys. The obtained dependencies of the phonon mode energies can be used for the determin-
ation of thin ﬁlm compositions also for samples for which this is not possible from EDX. For
example, this is the case for (Ga,Al)2O3 thin ﬁlms grown on Al2O3. Because the inclusion of
additional phases severely changes and probably deteriorates the performance of devices based
on β-phase material, also the detection of their formation is essential for the fabrication of devices
based on such ternary alloys. The results on (Ga,In)2O3 suggest the use of Raman spectroscopy
as highly sensitive probe for the occurrence of the InGaO3 II phase. An extension of these suc-
cessful investigations to similar material systems, for example to the ternary alloy (In,Al)2O3,
appears very reasonable.
For the wurtzite-structured semiconductors, the s1LO was found useful to probe the surface
properties of ZnO samples. For example, the conditions under which accumulation layers occur
can be studied and the eﬀectiveness of passivation layers can be veriﬁed. Further investigation
are suggested to determine under which conditions an initial surface accumulation layer forms
in ZnO, which results in the illumination time dependency of the s1LO energy. Finding these
conditions allows further investigations of the illumination time dependency and can greatly
enhance the understanding of the properties of the ZnO surface. The other wurtzite-structured
semiconductors under investigation (GaN, InN) did not show such eﬀects under the applied
conditions, but a similar shift of the s1LO line is expected to be observable as well if a surface
charge accumulation layer is introduced into these materials.
Many of the results presented here can be further extended by the use of additional excit-
ation energies. For the wurtzite-structured semiconductors ZnO and GaN, the determination
of the 1LO energies in dependence on the excitation energy is suggested, similar to a report
for InN [21]. Such results can give information about the phonon dispersion of the LO modes.
Further, excitation at a higher photon energy than applied here is expected to make invest-
igations on the dependence of the GaN 2LO line on the charge carrier concentration feasible.
The excitation energy dependencies of the individual Raman tensor elements of such a complex
structure as monoclinic β-Ga2O3 have not been investigated before. The results obtained here
for two wavelengths already indicate a diverse behaviour of the Raman tensor elements, which is
expected to contain information on symmetry properties of electronic and lattice excitations in
the material. Thus, further investigations on β-Ga2O3 single crystals are suggested, particularly
to obtain systematic dependencies of the individual tensor elements on the excitation energy.
For these, an excitation in the spectral range between the two laser lines used here, but particu-
larly also using photon energies closer to the bandgap energy of the material should be applied.
For In2O3, the use of a tunable laser source in the energy range of 3.6 eV and 3.8 eV appears
very promising. Thereby, the energy of the electronic transition causing the onset of the strong
absorption in this spectral region can be determined directly, even in dependence on the tem-
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perature. Further, also information on the additional features, which are remarkably enhanced
under resonant excitation, are expected from such investigations.
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The investigations of Davydov et al. [21] show a dependence of the spectral position of the 1LO
mode of InN on the energy of the exciting photons. This can be understood considering the
exciton and phonon dispersions as also discussed in this publication. For the work presented
here, no tunable excitation source with an energy in the range of the ZnO bandgap energy
was available. However, a similar eﬀect is expected also for a comparison between Stokes and
anti-Stokes scattering.
In case of anti-Stokes scattering, discrete exciton states with a higher energy and thus larger
wave vector are involved than for Stokes scattering. Consequently, also the wave vectors of the
involved phonons are larger. This is illustrated by the squared Raman tensor element |R(q)|
in Fig. A.1 exhibiting a higher contribution from larger wave vectors for anti-Stokes scattering.
According to the phonon dispersion, a slight redshift of the respective 1LO line is expected as can
be seen in Fig. A.2a. Further, the scattered anti-Stokes photon has a larger energy diﬀerence to
the exciton ground state compared to the Stokes photon. Thus, the outgoing resonance condition
is not fulﬁlled as good resulting in a smaller scattering cross section. This is reﬂected by the
smaller peak intensity in the calculated spectrum of Fig. A.2a.
For an experimental validation of these theoretical predictions, Stokes and anti-Stokes spectra
of a c-plane ZnO thin ﬁlm were measured. With the setup available for this work, these meas-
urements were not possible in normal incidence backscattering geometry, because no short pass
or notch ﬁlter was available and without such a ﬁlter, the reﬂected laser beam causes stray light
in the spectrometer that superimposes the Raman spectrum. Therefore, these measurements
were carried out with a sample tilt of 45◦, so that the reﬂection was directed away from the
objective. As shown in chapter 4, the sample tilt does not aﬀect the 1LO line. In this geometry,
measurements without any laser line ﬁlter are possible.
From the experimentally obtained spectra, the constant background due to the dark current
of the detector was subtracted. Then, the anti-Stokes spectrum was corrected for the thermal
phonon occupation at room temperature (T = 293K), i.e. it was divided by the exponential
function given in Eq. (1.16). The resulting spectra are shown in Fig. A.2. The intensity of
the E22 mode, which is not expected to show a pronounced resonance behaviour [149], matches
very well between Stokes and anti-Stokes spectrum. Â´Contrary, the corrected intensity of the
anti-Stokes 1LO line is indeed smaller than that of the Stokes line. Also a small redshift of this
line is observed, as theoretically predicted.
An even stronger diﬀerence between Stokes and anti-Stokes spectrum is expected for the 2LO
line because of the larger energy diﬀerence between the scattered phonons. However, the 2LO
anti-Stokes line is very weak at room temperature due to the small thermal occupation at these
energies. Therefore, a measurement with 20 h measurement time (120 accumulations of 10min
measurements) was conducted, still yielding a very noisy spectrum. This spectrum, corrected
by the thermal occupation, is shown in Fig. A.3 together with the respective Stokes spectrum.
The intensity is of the occupation-corrected anti-Stokes 2LO line is reduced by almost a factor
of 4 relative to the Stokes line, meeting the expectations. The anti-Stokes peak also seems to
be shifted towards lower energies. However, due to the low signal to noise ratio, this cannot be
stated with suﬃcient certainty.
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Figure A.1.: Squared absolute Raman tensor element |R|2 in dependence on the absolute value
of the wave vector q. Data were calculated for Stokes (black line) and anti-Stokes
scattering (grey line) of LO phonons in ZnO excited at λexc = 325 nm. The phonon
occupation was not taken into account.
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Figure A.2.: Stokes (black line) and anti-Stokes (grey line) Raman spectra of c-plane ZnO excited
at λexc = 325 nm. (a) Calculated spectra according to section 4.2. (b) Experimental
spectra with a sample tilt of 45◦. A constant background due to dark current of the
detector has been subtracted and the anti-Stokes spectrum has been corrected for
the phonon occupation at 293K. The dashed line marks the position of the 1LO
lines in the Stokes spectra.
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Figure A.3.: Experimental Stokes (black line) and anti-Stokes (grey lines) Raman spectra of c-
plane ZnO excited at λexc = 325 nm with a sample tilt of 45◦, in the spectral range
of the 2LO line. A constant background due to dark current of the detector has been
subtracted and the unscaled anti-Stokes spectrum (dark grey) has been corrected
for the phonon occupation at 293K. The light grey line shows the same spectrum
scaled by a factor of 3.7 to facilitate the comparison between the spectral positions.
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B. Scattering cross section for β-Ga2O3
(2¯01) with six rotational domains
It is assumed that all rotational domains have the same concentration and that their number is
large enough so that an equal number of each is contributing in the scattering process. Let φ be
the angle between the polarization direction of the light and the [010] direction of on of the β-
Ga2O3 rotational domains. Then the scattering intensity for the parallel polarized conﬁguration
for this rotational domain can be written as
I(φ) ∝
∣∣∣∣∣∣(sin(φ), cos(φ), 0)
⎛
⎝ b′ 0 e′0 c′ 0
d′ 0 a′
⎞
⎠
⎛
⎝ sin(φ)cos(φ)
0
⎞
⎠
∣∣∣∣∣∣
2
(B.1)
= |b′|2 sin4(φ) + |c′|2 cos4(φ) + 12 |b
′||c′| cos(γ) sin2(φ) cos2(φ). (B.2)
The total scattering intensity is obtained by averaging over all rotational domains. Because of
cos2(−φ) = cos2(φ) and sin2(−φ) = sin2(φ), each two domains rotated by 180◦ against each
other yield the same intensity. Thus, the total intensity is
I =162(I(φ) + I(φ + 60
◦) + I(φ − 60◦)) (B.3)
=13C
[
|b′|2 (sin4(φ) + sin4(φ + 60◦) + sin4(φ − 60◦))+ (B.4)
|c′|2 (cos4(φ) + cos4(φ + 60◦) + cos4(φ − 60◦))+
1
2 |b
′||c′| cos(γ) (sin2(φ) cos2(φ) + sin2(φ + 60◦) cos2(φ + 60◦) + sin2(φ − 60◦) cos2(φ + 60◦)) ].
The relevant angular dependent factors can be calculated as follows:
cos4(φ) + cos4(φ + 60◦) + cos4(φ − 60◦)
= cos4(φ) +
(
cos(φ) cos(60◦) − sin(φ) sin(60◦))4 + (cos(φ) cos(60◦) + sin(φ) sin(60◦))4
=cos4(φ) + 2
(
1
16 cos
4(φ) + 916 sin
4(φ) + 1816 cos
2(φ) sin2(φ)
)
=cos4(φ) + 2
(
1
16 cos
4(φ) + 916(1 − cos
2(φ))2 + 1816 cos
2(φ)(1 − cos2(φ))
)
=cos4(φ) + 2
(
−12 cos
4(φ) + 916
)
=98 (B.5)
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The calculation for the sin4 term is analogue and yields the same value. Further,∑
±
sin2(φ ± 60◦) cos2(φ ± 60◦)
=
∑
±
(
1
2 sin(φ) ±
√
3
2 cos(φ)
)2(1
2 cos(φ) ∓
√
3
2 sin(φ)
)2
=
∑
±
10
16 sin
2(φ) cos2(φ) − 1216 sin
2(φ) cos2(φ) + 316(sin
4(φ) + cos4(φ))
± 2
√
3
16
(
sin3(φ) cos(φ) − cos3(φ) sin(φ))
=2
(
− 216 sin
2(φ) cos2(φ) + 316((sin
2(φ) + cos2(φ))2 − 2 sin2(φ) cos2(φ))
)
=38 − sin
2(φ) cos2(φ).
Thus, one obtains
sin2(φ) cos2(φ) + sin2(φ + 60◦) cos2(φ + 60◦) + sin2(φ − 60◦) cos2(φ + 60◦) = 38 . (B.6)
As a result, the scattering cross section is independent from the orientation of the sample with
respect to the polarization and is expressed by
I = C 13
(
9
8(|b
′|2 + |c′|2) + 316 |b
′||c′| cos γ
)
= C ′
(
6(|b′|2 + |c′|2) + |b′||c′| cos γ) (B.7)
with the constant prefactors C and C ′ with C = 16C ′.
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Erratum
In this version of the thesis, the following changes have been made with respect to the originally
submitted one:
• The axis labelling in Figs. 1.1 and 1.2 was changed to be consistent with the rest of the
thesis.
• An incorrect label of a phonon mode in Fig. 8.11 was corrected.
• The references to own articles, which were unpublished at the time of submission of this
thesis, were updated.
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